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Abstract: A novel cationic Ir'™ complex

[Ir(Bpq),(CzbpyCz)|PFs  (Bpq=2-[4-
(dimesitylboryl)phenyl]quinoline,

CzbpyCz = 5,5-bis(9-hexyl-9H-carba-
zol-3-y1)-2,2'-bipyridine) containing
both triarylboron and carbazole moiet-
ies was synthesized. The excited-state
properties of [Ir(Bpq),(CzbpyCz)|PF,
were investigated through UV/Vis ab-
sorption and photoluminescence spec-
troscopy and molecular-orbital calcula-
tions. This complex displayed highly ef-
ficient  orange-red phosphorescent

583 nm and quantum efficiency of @ =
0.30 in dichloromethane at room tem-
perature. The binding of fluoride ions
to [Ir(Bpq),(CzbpyCz)]PF; can quench
the phosphorescent emission from the
Ir'™ complex and enhance the fluores-
cent emission from the N”N ligand,
which corresponds to a visual change
in the emission from orange-red to
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blue. Thus, both colorimetric and ratio-
metric fluoride sensing can be realized.
Interestingly, an unusual intense ab-
sorption band in the visible region was
observed. And the detection of F~ ions
can also be carried out with visible
light as the excitation wavelength.
More importantly, the linear response
of the probe absorbance change at A=
351 nm versus the concentration of F~
ions allows efficient and accurate quan-
tification of F~ ions in the range 0-
50 um.

emission with an emission peak of

Introduction

Among the anions, the fluoride ion is attracting particular
interest because it can be considered as both a dangerous
pollutant and useful additive in industrial processes and the
human diet. In addition, fluoride ions play an essential role
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in a broad range of biological, medical, and chemical pro-
cesses and in applications such as dental care, treatment of
osteoporosis, fluorination of water supplies, and even chemi-
cal and nuclear warfare agents."! Consequently, the recogni-
tion and detection of F~ ions are of growing interest and
there is a need to develop new selective and sensitive meth-
ods for the detection of F~ ions in various environments;
therefore, many sensing techniques have been developed for
the purpose of detecting F~ ions. Among these sensing tech-
niques, fluorescent detection is considered to be one of the
most effective tools owing to its high sensitivity, easy visuali-
zation, and short response time for detection. Up until now,
a large number of organic luminophores have been designed
as probes for this important analyte,”” and most fluorescent
probes are based on variation in the luminescent intensity.
Although these intensity-based probes are of practical utili-
ty, external influences that lead to variations in probe con-
centration and environment can complicate measurements
in practical application. The potential interference can be
minimized by ratiometric detection, which relies on probes
that have two distinct measurable signals in the presence or
absence of the analyte.[*"!
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The design principles of most fluorescent F~ probes are
based on the formation of a hydrogen bond between the
active N—H group of organic luminophores and F~ ions.”!
Recently, specific Lewis acid/base interactions, such as the
strong affinity of a boron atom toward F~ ions, have been
adopted as an efficient approach for fluoride detection.?*
In particular, three-coordinated boron compounds with a di-
mesitylboryl (BMes,) group are highly selective colorimetric
chemosensors for F~ ions.?* ¢4

In addition to the widely used organic luminophores, most
recently, phosphorescent heavy-metal complexes have been
applied successfully in the field of chemosensors® as a
result of their advantageous photophysical properties, such
as the sensitivity of emission properties to changes in the
local environment, evident Stokes shifts for easy separation
of excitation and emission, significant single-photon excita-
tion in the visible range, and relatively long lifetimes relative
to those of purely organic luminophores. The relatively long
lifetime of these heavy-metal complexes (from the order of
microseconds to milliseconds) can also endow them with a
capacity for excellent temporal resolution, so their lumines-
cence can be easily separated from fluorescent backgrounds
and consequently the signal-noise ratio can be increased. In
addition, relative to purely organic luminophores, the excit-
ed-state properties of phosphorescent heavy-metal com-
plexes are more complicated and depend on the metal
center, chemical structures, and the triplet-state energy
levels of the ligands. If the ligand of a heavy-metal complex
contains a specific coordinating element for an analyte, the
presence of this analyte can lead to dramatic variation in
the photophysical and electrochemical properties of the
complex, thus realizing detection. According to this princi-
ple, we have successfully realized excellent phosphorescent
probes for Hg?* ions, anions, and homocysteine.” In addi-
tion, the introduction of BMes, groups into the ligand of
phosphorescent heavy-metal complexes can also realize
novel phosphorescent F~ probes through the specific inter-
action of the boron atom with F~ ions, which can induce var-
iations in the excited-state properties of heavy-metal com-
plexes.®]

As a class of novel phosphorescent material, there have
been several investigations into phosphorescent Cu', Pt",
Re', Ru", and Ir™ complexes containing BMes, groups by us
and others over the past three years.*”) Most of these re-
ports are based on the principle of incorporating BMes,
groups into the conjugated structure of the ligand and that
binding with F~ ions induces variation in the phosphorescent
signal. Most recently, Wang and co-workers observed an in-
teresting ambient-temperature singlet—triplet dual emission
for nonconjugated donor-acceptor triarylboron-Pt" com-
plexes (see Figure 1a).¥ Furthermore, binding of F~ ions
can increase both the singlet and triplet emissions, and the
enhanced degree of triplet emission is higher than that of
the singlet emission. Therefore, how to design ratiometric
probes with a switchable triplet-singlet emission is very in-
teresting. However, up until now, there have been no re-
ports on the realization of such ratiometric probes that uti-
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Figure 1. Phosphorescent F~ probes based on heavy-metal complexes

containing the BMes, group with nonconjugated (a) and conjugated (b)
structures utilizing triplet-singlet dual emissions.
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lize a triplet-singlet emission switch for phosphorescent
heavy-metal complexes containing BMes, groups in the con-
jugated structure of the ligand (Figure 1b).

Herein, we have designed and synthesized the novel cat-
ionic Ir'™ complex [Ir(Bpq),(CzbpyCz)]PF, (Bpq=2-[4-(di-
mesitylboryl)phenyl]quinoline, CzbpyCz= 5,5'-bis(9-hexyl-
9H-carbazol-3-yl)-2,2"-bipyridine; Scheme 1) with dimesityl-
boryl groups on the cyclometalated C*N ligands (Bpq). The
2,2-bipyridine-based oligomer CzbpyCz with carbazole units
was selected as an N”N ligand that can act as energy donor.
Different from the work of Wang and co-workers, the
energy donor and acceptor were incorporated into the com-
plex through a conjugated binding approach. The ratiomet-
ric and colorimetric detection of F~ ions was realized by
switchable fluorescence and phosphorescence from the NN
ligand and complex, respectively. Interestingly, an unusual
intense absorption band in the visible region was observed.
Therefore, the detection of F~ ions can also be carried out
with visible light as the excitation wavelength.

Results and Discussion

Synthesis and characterization of [Ir(Bpq),(CzbpyCz)]PF:
Scheme 1 shows the synthetic route to the target Ir'™" com-
plex [Ir(Bpq),(CzbpyCz)|PF,. The NN ligand CzbpyCz was
synthesized from 9-hexyl-9H-carbazol-3-ylboronic acid and
5,5'-dibromo-2,2"-bipyridine by using the Suzuki-Miyaura
cross-coupling reaction.”®! The synthesis of the cyclometalat-
ed C”N ligand Bpq comprises two steps: First, precursor 2-
(4-bromophenyl)quinoline (Brpq) was easily obtained in
good yield by a Friedldnder condensation reaction of 2-ami-
nobenzadehyde with 4-bromoacetophenone according to a
previously reported procedure.”! Second, ligand Bpq was
synthesized in 60 % yield by lithiating Brpq, followed by the
addition of dimesitylboron fluoride (Mes,BF) at —78°C.I"%
The dinuclear cyclometalated Ir'™ chloro-bridged precursor
[{Ir(Bpq),Cl},] with Bpq as a cyclometalated ligand was syn-
thesized by using the same method as Nonoyama.l'l The
cationic Ir'™ complex was routinely synthesized in high
yields of 70% by treating the cyclometalated Ir'™ chloro-
bridged precursor with the CzbpyCz ligand. The structure of
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Synthesis of N*N ligand CzbpyCz
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Scheme 1. The synthetic route to [Ir(Bpq),(CzbpyCz)]PF,. TBABr =tetrabutylammonium bromide.

the target complex was characterized by 'H and *C NMR
spectroscopic and MALDI-TOF mass spectrometry.

Photophysical properties of the N*N ligand CzbpyCz: The
UV/Vis absorption and photoluminescent (PL) spectra of
the CzbpyCz ligand are shown in Figure 2 and the data are
summarized in Table 1, which are also compared with bipyr-
idine. Relative to bipyridine, CzbpyCz showed redshifted
and intense absorption bands centered at 1=245, 300, and
353nm with molar extinction coefficients of &>
10* mol 'dm*cm™'. The absorption bands centered at A=
245 and 300 nm of CzbpyCz can be assigned to m—m* transi-
tions from the bipyridine and carbazole units. To clarify the
origin of the intense absorption band at A =353 nm, molecu-
lar-orbital calculations for CzbpyCz were performed by
using time-dependent density functional theory (TDDFT)
calculations (see Figure 3). Ac-
cording to the calculation re-

1.24 - Abs. of bpy in CH.CI, F1.4
= = Abs. of CzbpyCzin CHCI,
104 ——PLof CzbpyCzinCHCL, [ 12
—-=PL of CzbpyCz in CH,CN
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Loe ™
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Figure 2. UV/Vis absorption spectra of bipyridine and CzbpyCz moieties,
and the PL spectra of CzbpyCz under different conditions at room tem-
perature.

Table 1. Photophysical data for CzbpyCz and [Ir(Bpq),(CzbpyCz)]PF; at 298 K.

sults, the HOMO is mainly lo-

; :t_ Compound Aavs [nm] Aew [nM] Ay [nm] - @ g [us]
f:ahze‘d at the carb?zolf: moiet (loge) (CH,Cl)  (CH.CN)
ies with some contribution from 5 23510), 281420
. .. . py A1), .
the bipyridine unit, and the o - 245(4.52), 300(4.46), 353(4.62) 436 450 0.83
LUMO is localized at the bipyr-  [1(Bpq),(CzbpyCz)|PF,  268(4.89), 291(4.93), 351(4.74), 430(4.62) 583 584 030 196

idine moiety. The absorption of
CzbpyCz at A=353nm is

mainly attributed to a  ternal standard (@ =0.40).1?
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[a] The quantum efficiency for CzbpyCz was obtained under air with 9,10-diphenylanthracene as an external
standard; the quantum efficiency for [Ir(Bpq),(CzbpyCz)]PF,; was measured under N, with [Ir(ppy);] as an ex-
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Figure 3. HOMO and LUMO orbitals of CzbpyCz.

HOMO —LUMO excitation. Therefore, the lowest electron-
ic transition of CzbpyCz can be mainly assigned to a charge-
transfer (CT) state from the carbazole to bipyridine units
with a s—t* transition of the bipyridine moiety.

It can be seen that CzbpyCz displayed an intense-blue
emission in CH,Cl, with a maximal emission wavelength at
A=436 nm and a quantum efficiency of @=0.83 (Figure 2).
In addition, the emission spectrum of CzbpyCz has a de-
pendence on the solvent polarity as the A,,, value shifts to
A=450 nm in CH;CN, thus indicating the CT character of
the excited state, which is in accordance with the TDDFT
calculation results.

Photophysical properties of [Ir(Bpq),(CzbpyCz)]PF,: The
UV/Vis absorption and PL spectra of [Ir(Bpq),-
(CzbpyCz)|PF4 are shown in Figure 4 and the data are sum-
marized in Table 1. The complex displayed intense absorp-
tion bands at 1=250-400 nm, related to the singlet ligand-
centered m—smt* transitions from the Bpq and CzbpyCz li-
gands. Interestingly, the complex showed an unusual intense
absorption band at 1=430 nm with &>10*mol'dm’cm™.
As confirmed by TDDFT calculations (see Figure 5 and
Table 2), this intense absorption

at =430 nm mainly originates

from the S, state, namely, o & %,
HOMO—LUMO and ,"" ‘J e ;‘ Dye
HOMO-1—LUMO transitions, pd o'
thus corresponding to CT char- ‘9, 2 i

acter from the HOMO and
HOMO-1 that reside on the
carbazole fragment to the
LUMO localized on the bipy-
drine fragment, which is similar
to the CT transition of the free
CzbpyCz ligand in =353 nm,
except that the A,, value of
this band in the complex is red-
shifted. In addition, the weak
absorption bands of the com-
plex in the region A=450-
550 nm can be assigned to a
mixture of ligand-to-ligand
charge-transfer (LLCT), metal-
to-ligand charge-transfer
(MLCT), and ligand-centred
(LC) transitions.

HOMO-8
Figure 5. HOMO, HOMO-1, HOMO-S8, and LUMO orbitals of [Ir(Bpq),(CzbpyCz)|PF,.
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Complex [Ir(Bpq),-
(CzbpyCz)]PF¢ showed an in-
tense emission band at about
A=583 nm with an orange-red
emission at room temperature
in CH,Cl,, which had little de-
pendence on the solvent polari-
ty and temperature (Figure 4).
According to previous studies
on cationic Ir'"™ complexes con-
taining diimine ligands, their excited states are very compli-
cated and the emission often comes from mixed excited
states containing *LC, MLCT, and *LLCT transitions."!
The emissions from ligand-centred *LC(n—m*) states often

2.0
18 = Abs. of [Ir(Bpq),(CzbpyCz)] PF,in CH,CI, 1.4
] ——PL of [I(Bpa),{CzbpyCz)] PF, in CH,Cl,at 298k
164, + = = PLof[Ir(Bpa),(CzbpyCz)] PF, in CH,CNat 298K 12
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Figure 4. UV/Vis absorption spectra and the normalized emission spectra
of [Ir(Bpq),(CzbpyCz)]PF, under different conditions.

LUMO
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Table 2. Calculated energy levels of the lowest singlet and triplet states
for [Ir(Bpq),(CzbpyCz)|PF.

State Excitation Ecalcd[a] lcakd[a] f[b]
[eV]  [nm]

HOMO—1LUMO (46%)

S HOMO—LUMO (52%) 233 531 00123
HOMO—1-LUMO+1 (46%)

2 HOMOLUMO41(1%) 249 47 o002
HOMO-—1—LUMO+2 (46%)

3 HOMOLUMO42 (30%) 250 495 00420
HOMO—1—LUMO (52%)

5% HOMO—LUMO (45%) 262 473 068

_8— 0
o HOMO-8—LUMO (0%) .0 <o

HOMO —LUMO (64 %)

[a] Eaca: calculated energy. [b] f: calculated oscillator strength.

display vibronic progressions and small dependence on sol-
vent polarity and temperature, whereas those emissions
from CT states are often broad, featureless, and sensitive to
solvent polarity and temperature.'>') No vibronic progres-
sions were observed, thus indicating that the excited state of
the complex has some CT character. In addition, the PL
spectra of [Ir(Bpq),(CzbpyCz)]PF, are insensitive to solvent
polarity and temperature, thus indicating that the *LC tran-
sition dominates in the excited states. The phosphorescence
quantum yield in degassed CH,Cl, is @ =0.30, and the emis-
sion lifetime at A=583 nm is 7=1.96 ps, thus indicating the
phosphorescent nature of the emission.

Molecular orbital calculations for [Ir(Bpq),(CzbpyCz)]PF,
were performed by using TDDFT calculations (Figure 5 and
Table 2). The lowest triplet state (T;) of [Ir(Bpq).-
(CzbpyCz)|PF¢ originates from HOMO—-LUMO and
HOMO—-8—LUMO transitions. The HOMO distribution
primarily resides on the carbazole fragments with some lo-
calized on the phenyl rings of the cyclometalated ligands
and the Ir'™ center, and the HOMO-8 distribution primarily
resides on the CzbpyCz ligand. The LUMO distribution is
dominated by the bipyridine fragment. Hence, the lowest
triplet state apparently possesses more ligand-centred (NN
ligand) character ("LC) and mixes with SOme 7 pen —T*xax
(CLLCT) and dstg, conen—T*n-n CMLCT) transitions, which
is in accordance with the emission character.

Optical responses of [Ir(Bpq),(CzbpyCz)]PFs to F ions:
The response of [Ir(Bpq),(CzbpyCz)]PF, to F~ ions was in-
vestigated through UV/Vis absorption and emission spectro-
scopic analysis. Figure 6 shows the variation in the absorp-
tion spectra of [Ir(Bpq),(CzbpyCz)]PF, upon the addition of
F~ ions. The absorptions at A=291 and 351 nm decreased
gradually, whereas the absorption at 1=414 nm increased
gradually, which corresponds to an isobestic point at A=
379 nm. Additionally, the absorbance at 1 =430-550 nm de-
creased gradually, thus corresponding to another isobestic
point at 1 =430 nm.

The variation in the PL spectra with =379 nm as the ex-
citation wavelength is shown in Figure 7a. Upon the addi-
tion of F~ ions to a solution of [Ir(Bpq),(CzbpyCz)]PF; in
CH;CN, the phosphorescent emission intensity at A =584 nm

Chem. Eur. J. 2010, 16, 7125-7133
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Figure 6. Change in the UV/Vis absorption spectra of [Ir(Bpq),-
(CzbpyCz)]PF; (20 um) in CH;CN with various amounts of F~ ions.
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Figure 7. a) Change in the emission spectra of [Ir(Bpq),(CzbpyCz)|PF,
(20 um) in CH;CN with various amounts of F~ ions excited at A=379 nm.
Inset: color of the emission observed of [Ir(Bpq),(CzbpyCz)]PF, in
CH;CN (20 um) in the absence (left) and presence (right) of F~ ions.
b) Fluorescent titration profile of Is/l,ss versus the equivalents of F~
ions added.

decreased gradually and was blueshifted to A=572 nm,

whereas the emission intensity at A =458 nm, which is tenta-
tively attributed to the emission of the CzbpyCz ligand, in-
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creased gradually with a clear isoemission point at A=
540 nm, thus realizing ratiometric F~ sensing. The ratios of
emission intensities at A =584 and 458 nm (Is4/1,s3) exhibit a
dramatic change from 24.0:1 to 0.4:1. Such a large change of
emission intensity ratios at two wavelengths is desirable for
ratiometric fluorescent probes, as the sensitivity and the dy-
namic range of ratiometric probes are controlled by the
emission ratio. Furthermore, the difference in the two emis-
sion wavelength is very large (A=126 nm). This difference
not only contributes to the accurate measurement of two
emission intensities, but also results in a huge ratiometric
value. More interestingly, an obvious change of emission
color from orange/red to blue was observed (Figure 7a,
inset), thus enabling colorimetric F~ sensing. The short emis-
sion lifetime (r=5.71 and 1.18 ns) of the new blue emission
at A=458 nm indicates the fluorescent nature of the com-
plex. Furthermore, the emission wavelength and band shape
of the blue emission are similar to those of the N~N ligand
CzbpyCz, thus indicating that the blue emission at A=
458 nm originates from the singlet emission of CzbpyCz.
That is to say, binding of F~ ions to [Ir(Bpq),(CzbpyCz)]PF;
quenched the triplet emission from the Ir'™ complex and
switched on the singlet emission from the NN ligand.

After the addition of approximately two equivalents of F~
ions, the emission intensity ratio of Isg,/I;s3 reaches satura-
tion point (see the emission titration curves in Figure 7b).
Considering that there are two boron centers in one mole-
cule of the complex, it is possible for [Ir(Bpq),-
(CzbpyCz)]PF, to form a 1:2 complex with two equivalents
of F~ ions because the two dimesitylboryl groups are elec-
tronically separated in the ground state and spatially distant
from each other. Using the UV/Vis titration data, the bind-
ing constants (K; and K,) of the Ir'™ complex were deter-
mined to be 6.60x10° and 2.04 x 10° M, respectively, which
are similar to the values reported previously for boryl-based
fluorescent and phosphorescent receptors.?¢¢!

One of the challenges in the design of luminescent che-
mosensors, particularly those aimed at bioanalysis and prac-
tical application, is to shift the excitation wavelength from
the UV region to the visible range because a lot of back-
ground fluorescence can not be excited by visible light and
visible excitation requires cheaper optical cells and optics.
In view of the strong absorption of [Ir(Bpq),(CzbpyCz)]PF,
within the visible region, the variation in the PL spectra of
[Ir(Bpq),(CzbpyCz)|PF; responsive to F~ ions excited at A=
430 nm was investigated. The orange-red emission at A=
584 nm of [Ir(Bpq),(CzbpyCz)]PF, decreased gradually and
was blueshifted to A=572nm on the addition of F~ ions,
whereas the blue emission at =458 nm was not observed,
thus indicating that the detection excited by visible light was
also realized (Figure 8).

Quantification of F~ ions: To quantify the concentration of
F~ ions in solution, the change in the absorption spectra is
correlated to the analyte concentration by using f=(A,—A)/
A,, where A and A, are the absorbances at A=351 nm in
the presence and absence of F~ ions, respectively (Figure 6).
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Figure 8. Change in the emission spectra of [Ir(Bpq),(CzbpyCz)]|PF,
(20 um) in CH3;CN with various amounts of F~ ions excited at A =430 nm.

The calibration factor fis defined to minimize the influence
of the absorption background in the absence of F~ ions.
Figure 9 shows f as a function of the concentration of F~
ions in CH;CN. Complex [Ir(Bpq),(CzbpyCz)]PF; gives a
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Figure 9. A plot of f as a function of the concentration of F~ ions for [Ir-
(Bpq),(CzbpyCz)]PF; (20 pm) in CH;CN at room temperature.

linear response for F~ ions at 0-50 um and the correlation
coefficient is 0.99, which is suitable for monitoring F~ ions
and quantification at 0-50 pum (Figure 9).

Sensing mechanism of [Ir(Bpq),(CzbpyCz)]PF,: Molecular
orbital  calculations for the adduct [Ir(Bpq),-
(CzbpyCz)|PF¢2F~ were performed by using TDDFT calcu-
lations to better understand the sensing mechanism of [Ir-
(Bpq),(CzbpyCz)]PF; (see Figure 10 and Scheme 2). For the
adduct, the lowest triplet state originates from HOMO-2—
LUMO (50%) and HOMO—-4—LUMO (36 %) transitions.
The HOMO-2 and HOMO-4 distributions primarily
reside on the BMes,—F~ fragments, and the LUMO distribu-
tion resides on the bipyridine fragment. Therefore, the T, of

Chem. Eur. J. 2010, 16, 7125-7133
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Energy transfer .

Singlet state emission

Scheme 2. The sensing mechanism of [Ir(Bpq),(CzbpyCz)]PF, to F~ ions.

[Ir(Bpq),(CzbpyCz)|PF,2F~ can be assigned to the *LLCT
transition from the BMes, group to the NN ligand. We ten-
tatively think that this transition is responsible for the emis-
sion at =572 nm of [Ir(Bpq),(CzbpyCz)|PF; after binding
with F~ ions.

The PL spectra of the CzbpyCz ligand, [Ir(Bpq),-
(CzbpyCz)]PFg, and the adduct [Ir(Bpq),(CzbpyCz)]PF,2F~
and the absorption spectrum of [Ir(Bpq),(CzbpyCz)]PF are
shown in Figure S4 in the Supporting Information. There is
a good spectral overlap between the PL emission spectrum
of the free CzbpyCz ligand and the absorption spectrum of
[Ir(Bpq),(CzbpyCz)|PF,, which maybe ensures an efficient
Forster energy transfer from the CzbpyCz ligand to the Ir
complex. In addition, before binding with F~ ions, the PL
emission spectrum of the complex mainly showed a triplet
emission from the Ir'™ complex. Whereas the PL emission
spectrum of the adduct [Ir(Bpq),(CzbpyCz)|PF¢2F~ showed
a strong singlet emission from the CzbpyCz ligand and a
weak emission at =572 nm. Hence, we can think that the
energy transfer becomes inefficient after binding with F~
ions.
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Hence, we can see that there
is energy transfer from the
CzbpyCz ligand to the Ir™ com-
plex from the spectra proper-
ties, the emission-titration ex-
periment, and theoretical calcu-
lation results. Before binding
with F~ ions, the energy trans-
fer is efficient and only the trip-
let-state emission of the com-
plex is observed (Scheme 2).
However, binding with F~ ions
can inhibit the energy transfer,
and the singlet emission from
CzbpyCz is restored. Hence,
the triplet-singlet dual emission
can be switched through bind-
ing of F~ ions.

Selectivity towards F~ ions:
High selectivity is necessary for
an excellent chemosensor. Ach-
ieving high selectivity for the
analyte of interest over a com-
plex background of potentially
competing species is, however,
a challenge in sensor develop-
ment. Herein, the selective co-
ordination studies of the com-
plex  [Ir(Bpq),(CzbpyCz)]PF
were extended to other anions
in CH;CN. Only the addition of
F~ ions results in prominent
changes of luminescence inten-
sity at =584 nm, whereas the
addition of an excess of other
anions (Cl-, Br~, I, ClO,~, NO;~, H,PO,~, and CH;COO")
causes little or slight changes (Figure 11). Therefore, the
complex displayed a high selectivity in sensing F~ ions.

Decreased triplet
state emission

2
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Figure 11. Emission response of [Ir(Bpq),(CzbpyCz)]PF, (20 um) in the
presence of various anions (4 equiv) in CH;CN. Bars represent the emis-
sion intensity at =584 nm. Gray and white represent /53, nm before and
after the addition of anions, respectively. 1) F, 2)Cl", 3)Br, 4) 1",
5)NO;, 6) ClO,", 7) H,PO,, 8) CH;COO".
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Conclusion

We have synthesized the novel cationic Ir'™ complex [Ir-
(Bpq),(CzbpyCz)|PF,, containing dimesitylboryl and carba-
zole groups, that has an intense absorption at =430 nm
with molar extinction coefficients of &>10*mol 'dm’cm™
and displayed highly efficient orange/red phosphorescent
emission at =584 nm at room temperature. This Ir'"™ com-
plex can be used as a highly selective phosphorescent probe
for F~ ions. Binding of F~ ions to [Ir(Bpq),(CzbpyCz)]|PF
quenched the phosphorescent emission from the Ir'™ com-
plex and switched on the fluorescent emission from the
NAN ligand, which corresponds to a visual change in the
emission color from orange-red to blue, thus enabling colori-
metric as well as ratiometric fluoride ion sensing. Further-
more, phosphorescent detection of F~ ions excited with visi-
ble light was also realized. More importantly, the linear re-
sponse of the change in the probe absorbance at =351 nm
versus the concentration of F~ ions allows efficient and ac-
curate F~ quantification in the range 0-50 um. We think that
this result will be very useful for the further design of excel-
lent phosphorescent ratiometric probes that utilize switcha-
ble triplet and singlet emissions.

Experimental Section

Characterization: NMR spectra were recorded on a Bruker Ultra Shield
Plus 400 MHz NMR instrument (‘H: 400, *C: 100 MHz). The mass spec-
tra were obtained on a Bruker autoflex MALDI-TOF/TOF mass spec-
trometer. The UV/Vis absorption spectra were recorded on a Shimadzu
UV-3600 UV/Vis-NIR spectrophotometer. The PL spectra were mea-
sured using a RF-5301PC spectrofluorophotometer. The quantum effi-
ciency for CzbpyCz was obtained under air using 9,10-diphenylanthra-
cene as an external standard. The quantum efficiency for [Ir(Bpq),-
(CzbpyCz)|PF, was measured in degassed CH,Cl, with fac-[Ir(ppy);]
(ppy =2-phenylpyridine) as an external standard (@ =0.40).

Theoretical calculations: The calculation was performed using the Gaus-
sian 03 suite of programs.!"” The optimizations of the ligand and complex
structures were performed by using B3LYP DFT. The LANL2DZ basis
set was used to treat the iridium atom, whereas the 6-31G* basis set was
used to treat all other atoms. The contours of the HOMOs and LUMOs
were plotted.

Materials: All reagents, unless specified, were obtained from Sigma-Al-
drich, Acros, and Alfa and were used as received. All solvents were puri-
fied before use. All the reactions were performed in a nitrogen atmos-
phere.

Synthesis

9-Hexylcarbazol-3-boronic acid: This compound was synthesized by using
a reported procedure in a yield of 50 %.!"!

2-(4-Bromophenyl)quinoline (Brpq): This compound was synthesized by
using a reported procedure in a yield of 75 %.!
2-[4-(Dimesitylboryl)phenyl]quinoline (Bpq): This compound was syn-
thesized by using a reported procedure in a yield of 60 %.!""!

CzbpyCz: A degassed mixture of toluene ([monomer]=0.25M), aqueous
potassium carbonate (2Mm), and ethanol (2:1:1 v/v/v) was added to a mix-
ture of 5,5-dibromo-2,2'-bipyridine (0.16 g, 0.5 mmol), 9-hexylcarbazol-3-
boronic acid (0.31 g, 1.05 mmol), and [Pd(PPh;),] (0.003 g, 0.0025 mmol).
The reaction mixture was vigorously stirred at 70°C for 12 h. The reac-
tion mixture was cooled to room temperature, washed with brine, extract-
ed with CH,Cl, (3x), dried over anhydrous Na,SO,, and concentrated.
The crude product was purified by column chromatography on silica gel
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with ethyl acetate/petroleum ether (1:3) as the eluent to yield a yellow
solid. Recrystallization from CH,Cl,/hexane gave yellow crystals in 60 %
yield. 'HNMR (400 MHz, CDCl;): =9.08 (d, J=2.03 Hz, 2H; ArH),
8.56 (d, J=822Hz, 2H; ArH), 8.40 (d, J=1.43 Hz, 2H; ArH), 8.15-8.20
(m, 4H; ArH) 7.81-7.78 (m, 2H; ArH), 7.55-7.44 (m, 6H; ArH), 7.31 (t,
J=747Hz, 2H; ArH), 4.35 (t, J=7.20 Hz, 4H; N-CH,), 1.95-1.88 (m,
4H; CH,), 1.46-1.26 (m, 12H; CH,), 0.88 ppm (t, /=7.20 Hz, 6 H; CH;);
BCNMR (100 MHz, CDCly): §=154.20, 147.98, 141.14, 140.58, 137.46,
135.35, 128.63, 126.30, 125.06, 123.80, 123.00, 121.10, 120.76, 119.38,
119.11, 109.53, 109.19, 43.48, 31.82, 29.21, 27.22, 22.79, 14.28 ppm.

[Ir(Bpq),(CzbpyCz)]PF,:  [Ir(Bpq),(CzbpyCz)|PFy was synthesized
through a standard two-step procedure according a reported method.*!
A mixture of 2-ethoxyethanol and water (3:1, v/v) was added to a flask
containing IrCl;:3H,0 (1 mmol) and Bpq (2.5 mmol). The reaction mix-
ture was heated to reflux for 24 h. After cooling, an orange solid precipi-
tate was removed by filtration to give the crude cyclometalated Ir™
chloro-bridged dimer. A solution of the cyclometalated Ir'™ chloro-
bridged dimer (0.079 mmol) and CzbpyCz (0.158 mmol) in CH,Cl/
MeOH (30 mL, 2:1 v/v) was heated to reflux. The red solution was
cooled to room temperature after 4 h and a 10-fold excess of potassium
hexafluorophosphate was added. The suspension was stirred for 2 h, fil-
tered to remove any insoluble inorganic salts, and evaporated to dryness
under reduced pressure. The crude product was purified with column
chromatography on silica gel with CH,Cl,/acetone (50:1) as the eluent to
afford an orange/yellow solid in 60% yield. '"H NMR (400 MHz, CDCl;):
0=8.58-8.30 (m, 6H; ArH), 8.08-7.91 (m, 10H; ArH), 7.56-7.35 (m,
18H; ArH), 7.02 (s, 3H; ArH), 6.54-6.41 (m, 9H; ArH), 4.35 (t, J=
6.85 Hz, 4H; N-CH,), 2.24 (s, 12H; CH;), 1.93-1.86 (m, 4H; CH,), 1.67
(s, 24H; CHj;), 1.39-1.19 (m, 12H; CH,), 0.88 ppm (t, /=6.91 Hz, 6H;
CH;); "CNMR (100 MHz, CDCl,): 0=131.48, 130.36, 128.99, 127.97,
127.85, 127.05, 126.81, 125.44, 125.12, 124.99, 124.81, 124.19, 124.00,
122.76, 120.77, 119.98, 118.47, 117.26, 110.02, 109.46, 43.56, 31.80, 29.19,
27.19, 23.16, 22.79, 21.51, 1428 ppm; MS (MALDI-TOF) (m/z): 1753.0
[M—PF*.
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