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Design and syntheses of ‘Aggregation Induced Emission (AIE)’ active blue-emitting bis-cyclometalated
iridium(IlT)complexes with appended diphosphine ligands [Ir(F,ppy).(Li/L,),(Cl)] (F,ppy=2-(2'4'-
difluoro) phenylpyridine; L; = 1,2-bis(diphenylphosphino)ethane; L, = bis(diphenylphosphino)propane)
have been realized on a suitable route. The free phosphorous donor atom present on the appended
2 diphosphine is shown to provide selective binding to the mercuric ion (Hg®"). The selective binding
ability of the probe molecule towards mercuric ions results in a detectable signal due to complete
quenching of their AIE property. The quenching effect of the probe molecule has been explored and
found to be the resultant of the degradation of the probe iridium(III) complex triggered by the presence of
mercuric ion due to an interplay of a soft-soft interaction between the free phosphorous atom of probe
»s molecule with mercuric ions. These complexes were modelled to obtain deeper understanding of excited

state properties and the results were tentatively correlated with the experimental data.
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Introduction

Over the past two decades, iridium(IIl) organometallic phosphors
have been found to behave as excellent phosphorescent emitters
with a promising potential for applications in flat-panel displays
and lighting systems'. These iridium(Ill) compounds have
recently attracted also a great interest for the development of new

h

chemosensors™ due to their photophysical properties such as

long emissive lifetimes, significant Stokes shifts and high
quantum yields in the visible region.

Mercury is one of the lethal weapons for human health as well as
for environment even at very low concentrations’. Therefore, the
development of different types of sensing systems for monitoring
the presence of mercury in environmental samples is drawing a
prime attention to the scientific community in recent years®. In
this context, strong emitting cyclometalated complexes of
iridium(IIT) would be attractive candidates for sensing purposes.
In a recent literature survey, several reports® > were found where
the detection of mercury ions was carried out with taking
advantage of the photophysical properties of emissive
cyclometalated iridium(III) complexes. In most of the cases, a
sulphur atom® was strategically incorporated into the complex
framework to exploit the preferential binding according to
Pearson’s soft acid - soft base interactions® of sulphur with the
soft acid mercuric ion. This phenomenon has been exemplified
Ir(btp)a(acac) >* (btp 2-

acetyl

with such as

systems

(benzo[b]thiophen-2-yl)pyridine, acacH= acetone),
Ir(thq),(acac)® (thg=2-(thiophen-2-yl)quinoline). The soft-soft
interaction also leads to a protection —de-protection mechanism in
[Ir(pba),(bipy)PFs]* (Hpba = 4-(Pyridin-2-yl)benzaldehyde;
bipy= 2,2-bipyridine) or to the Hg-induced decomposition
observed for Ir(thq),(dbm)* (thg= 2-(thiophen-2-yl)quinoline,
dbm= ),  Ir(TBT),(acac)™
(TBT=2-thiophen-2-yl-benzothiazole),

[lr(ppa)(dmppa){(thPS)zN}]Se (ppa= 4-phenylphthalazin-1-ol),

1,3-diphenylpropane-1,3-dione

(dmppa=1-phenoxy-4-phenylphthalazine) (Ph,PS),N=
bis(diphenylthiophosphoryl)amide ), [Ir(bt),(acac)]* (Hbt = 2-

phenylben zothiazole), and [Ir(ppy)(PBT)] (PBT= 2-

=y
&

S

S

=]

phenylbenzo[d]thiazole). Hui Zeng et al. reported recently the use
of [Ir(pbi),(acac)]’(pbi= 1,2-diphenyl-1H-benzo[d]imidazole) as
a first example of a sulphur free iridium(III) complex used as a
highly selective phosphorescent chemosensor for mercuric ions.

The detection limit of mercury ions using these types of
complexes can be further improved if the system used as probe
molecules shows ‘aggregation induced emission (AIE)’ activity.
In the last few years, many organic materials along with several
iridium(Il) complexes’ have been identified as AIE active
emitters. In most of these cases, the AIE activity has been
attributed to restricted intramolecular rotation (RIR) of the
rotating units (e.g., phenyl present in triphenylphosphines etc) in
the condensed phase.

In this communication, we present the design and synthesis of
new cyclometalated iridium(III) complexes where phenyl-
substituted diphosphines are used as ancillary ligands with only
one phosphorous atom is coordinated to iridium(III) while the
other phosphorous unit remains non-coordianted to the
chromophoric iridium(II) unit and can, thus, be potentially
utilized for selective sensing of metal ions. The synthesized
complexes show AIE activity and have been shown to act as a
promising Hg®* sensors. In addition, the excited state properties
of these complexes were studied using DFT-based quantum

chemical calculations.
Experimental Section
Materials

Iridium(III) chloride hydrate, 1,2-Bis(diphenylphosphino)ethane
(L)), Bis(diphenylphosphino)propane (L,) and 2-ethoxyethanol
were purchased from Sigma Aldrich Chemical Company Ltd. 2-
(2,4-Difluorophenyl) pyridine (F,ppy) and [Ir(F,ppy),Cl], bridge
complex were prepared according to a reported procedure'’. The
UV-VIS grade solvents (DCM, hexane, ethyl acetate) and metal

nitrate salts were procured from Merck Company.

General Synthesis of 1 and 2

In a two-necked round bottom flask (50 ml), diphosphine ligands

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00—00 | 2
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[Li/L, ] (0.087 mmol) and ([dfppy),Ir(pn-Cl)], (0.087 mmol) were
dissolved in 20 mL DCM. The mixture was stirred at room
temperature for 2 minutes under an atmosphere of N, gas. The
solution mixture was evaporated to dryness and the residue
purified by column chromatography using DCM-Hexane (30:70)
as the eluent, getting a green solid product (Scheme 1). '"H NMR
(400 MHz, CDCl3) 6 9.43 (d, /= 5.9 Hz, 1H), 8.83 (d, /=4.8 Hz,
1H), 8.35 (dd, J=8.2, 2.4 Hz, 1H), 7.90 (t, /= 8.2 Hz, 1H), 7.79
(t,J=8.0 Hz, 1H), 7.73 — 7.58 (m, 2H), 7.60 — 7.45 (m, 3H), 7.45
—7.13 (m, 13H), 7.06 (td, J= 7.9, 2.1 Hz, 2H), 6.98 — 6.82 (m,
3H), 6.80 — 6.71 (m, 1H), 6.38 (ddd, J = 12.7, 9.0, 2.3 Hz, 1H),
6.25-6.13 (m, 1H), 5.59 (dd, /=9.0, 2.0 Hz, 1H), 5.30 (ddd, /=
8.2, 5.6, 2.4 Hz, 1H), 2.78 — 1.91 (m, 2H), 1.89 — 1.66 (m, 2H).
YF NMR (376 MHz, CDCl;) & -107.36, -107.38, -107.39, -
107.41, -107.51, -107.53, -107.54, -107.56, -108.13, -108.14, -
108.15, -108.16, -109.78, -109.81, -109.83, -109.87, -109.89, -
109.92, -110.01, -110.04, -110.13, -110.16. *'P NMR (162 MHz,
CDCl;) 6 -8.90, -8.95, -9.00, -9.10, -9.15, -9.20, -12.07, -12.27, -
12.67. Anal. caled for C4gH34CIF4IrN,P,: C, 57.28; H, 3.61; N,
2.78; Found: C, 57.10; H, 3.57; N, 2.75; HRMS calculated: ([M-
CIl): m/z 971.1919 found: ([M-CI]"), m/z 971.1892; Green
solid; Yield 68.49% for 1. '"H NMR (400 MHz, CDCl;) § 9.45 (d,
J=5.5Hz, 1H), 8.74 (d, J = 5.6 Hz, 1H), 8.33 (dd, J=7.7, 3.2
Hz, 1H), 7.96 (dd, J = 32.1, 8.5 Hz, 1H), 7.82 — 7.57 (m, 3H),
7.57 —=17.39 (m, 4H), 7.39 — 7.19 (m, 10H), 7.05 (m, 7H), 6.66 (dt,
J=12.1, 6.4 Hz, 1H), 6.38 (ddd, /= 12.7, 9.1, 2.2 Hz, 1H), 6.31
—6.10 (m, 1H), 5.61 (ddd, J = 14.8, 8.9, 1.9 Hz, 1H), 5.40 — 5.23
(m, 1H), 2.68 (m, 2H), 2.31 — 2.05 (m, 2H), 2.03 — 1.77 (m, 2H) .
F NMR (376 MHz, CDCLy) & -107.46, -107.48, -107.48, -
107.50, -107.53, -107.54, -107.55, -107.57, -107.59, -108.22, -
108.25, -108.35, -108.38, -109.83, -109.85, -109.88, -109.91, -
109.93, -109.97, -110.00, -110.13, -110.15. *'P NMR (162 MHz,
CDCl;) & -12.43, -12.94, -12.99, -13.04, -17.56, -18.27. Anal.
calcd for C4H3gCIF4IrN,P,: C, 57.67; H, 3.75; N, 2.75; Found: C,
57.50; H, 3.70; N, 2.68, HRMS calculated: ([M-CI]"): m/z
985.2076 found: ([M-CI]"), m/z 985.2066; Green solid; Yield
54.79% for 2.

Synthesis of 3

Complex 2 (equimolar) and [dfppy,lr(u-Cl)], were added in
stirred solution of DCM at room temperature for 5 minutes. The
product was purified using 60-120 mesh silica gel, DCM as
eluent, getting a green product (Scheme 1).

45

85

'H NMR (400 MHz, CDCl3) 8 9.43 (d, J = 6.0 Hz, 1H), 9.30 (d,
J=5.8 Hz, 1H), 8.56 (d, J = 5.8 Hz, 2H), 8.31 (dd, J= 7.9, 4.2
Hz, 2H), 7.96 (d, J = 8.6 Hz, 1H), 7.88 (d, J = 8.6 Hz, 1H), 7.76 —
7.60 (m, 5H), 7.31 (d, J = 8.3 Hz, 6H), 7.19 (ddd, J = 18.4, 15.3,
8.1 Hz, 5H), 7.10 — 6.99 (m, 3H), 6.99 — 6.84 (m, 1H), 6.80 (t, J =
8.3 Hz, 3H), 6.49 (t, J = 6.1 Hz, 1H), 6.37 (ddd, J=13.6, 5.5, 2.2
Hz, 3H), 6.28 — 6.14 (m, 1H), 5.59 (dd, J= 8.9, 2.0 Hz, 1H), 5.52
(dd, J=8.8, 1.9 Hz, 1H), 5.27 (tdd, J= 8.2, 5.7, 2.3 Hz, 2H), 2.61
—2.28 (m, 4H), 1.78 (d, J = 6.0 Hz, 2H), *'P NMR (162 MHz,
CDCly) § - 11.96, -12.46. HRMS calculated: ([M-Cp,F4N,ClIr]"):
m/z 1021.1842 found: ([M-Cp,F,N,ClIr]" m/z 1021.1831 .

Synthesis of 4

Hg(NOs), (4 moles) was added to a stirred solution of 2 (1 mole)
dissolved in a mixture of water and DMF (7 : 3). The reaction
was completed i

n very short period of time (~1 minute). The reaction mixture was
washed by cold water and extracted by DCM. The organic layer
was dried over Na,SO, and evaporated under reduced pressure
resulting in a light yellow product (Scheme 2). '"H NMR (400
MHz, CDCL;) § 8.76 (d, J= 5.6 Hz, 2H), 8.33 (d, J = 8.4 Hz, 2H),
7.97 (t, J=1.7 Hz, 2H), 7.41 — 7.37 (m, 2H), 6.44 (ddd, J=11.8,
9.2, 2.3 Hz, 2H), 5.51 (dd, J = 8.7, 2.2 Hz, 2H), 1.67 (s, 6H). '°F
NMR (376 MHz, CDCl;3) ¢ -107.07, -109.72. Anal. calcd for
CoH 4CIFIN,0,: C, 41.03; H, 2.50; N, 4.35; Found: C, 40.51;
H, 2.79; N, 4.32, HRMS calculated: ((M-2H,0]"), m/z 573.0566
and ([M-2H,O+ACN]"): m/z 614.0831 found: ([M-2H,0]),
([M-2H,0+ACN]") : m/z 614.0826, Light yellow solid; Yield
16.00% for 4.

Characterization

"H NMR, *C NMR, "°F and *'P NMR spectra were recorded in a
400 MHz Brucker spectrometer using CDCl; as solvent and
tetramethylsilane (TMS, & = 0 ppm for 'H and "C NMR),
Trifluoro acetic acid (CF;COOH, & = 0 ppm for '°F NMR) and
phosphoric acid (H;PO,4, & = 0 ppm for *'P NMR) as internal
standard. Infra-red spectra were recorded in a FTIR Simadzu (IR
prestige-21) and a Perkin Elmer Spectrum 100 FTIR
spectrometer. UV-VIS absorbance spectra were recorded using a
Simadzu Spectrophotometer (model UV-1800 and 2550). The

steady state photoluminescence spectra were recorded on

This journal is © The Royal Society of Chemistry [year]
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Spectrofluorometer FLS920-s Edinburgh. The solid state
quantum yield of the thin film sample was measured using a
calibrated integrating sphere in a Gemini spectrophotometer
(Gemini 180). Elemental analyses were furnished on Elementar,
VARIO III. Particle sizes

of the nano-aggregates were

determined wusing a Malvern Zetasizer (MAL1040152).
Microwave reactions were carried out in a CEM Discover (mode
1908010). All the reactions were performed under nitrogen
atmosphere and the progress of the reaction was monitored using
thin-layer chromatography (TLC) plates (pre-coated with 0.20

mm silica gel).

Fabrication of thin-film substrate for PL measurements
10°M solutions of 1 and 2 in DCM were prepared. 2-3 drops of
these solutions were placed on a thin glass substrate (2x2cm?) and

the solvent was allowed to evaporate slowly.

Computational Details

Ground state geometry optimizations were performed within
density functional theory (DFT) using the B3LYP hybrid
functional. A basis set of double-{ quality (LANL2DZ) and the
effective core potential of Hay and Wadt were used for Iridium,
whereas a 6-31G(d) basis set was used for the rest of the atoms'”.
In order to describe the electronic transitions to the low lying
singlet and triplet states, time-dependent density functional theory
(TD-DFT) calculations were carried out with the same functional
and basis sets. All calculations were performed in
dichloromethane (¢=8.93) using the Integral Equation Formalism
- Polarizable Continuum Model (IEF-PCM) for the solvent and

the Gaussian 09 package.

Scheme 1 Schematic presentation of synthetic protocol for the

complexes of 1,2 and 3
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Results and Discussion
Syntheses

Blue emitting phosphorescent transition metal complexes are
usually being synthesized employing a wide-energy-gap
cyclometalated ligand, such as 4,6-difluorophenyl pyridine
(dfppyH), 3-trifluoromethyl-5-(2-pyridyl) pyrazole and many

other functionalized cyclometalatesloa’b. The electron with-
drawing fluoro substituents which are located at the meta-
positions with respect to the central metal atom, stabilize the

metal d, orbitals'®

, while strong-field ligands such as cyanide or
phosphines directly bonded to metal are found to be capable of
increasing the band gap.

Several new blue-emitting complexes were synthesized (Scheme
1) using a strong-field ligand with phosphorous-donating
diphosphine ligands. In these cases, diphosphines are coordinated
to bis-cyclometalated iridium(III) complex in a monodentated
mode while the other donating phosphines remain as appended
with the possibility of coordinating to another metal. This idea
was originated from our previous report'* where [(ppy)alr(p-
Ch,Ir(ppy).] (ppy = 2-phenyl pyridine) was reacted with
diphosphine ligands (L,/L,),
diphosphine [Ir(ppy).(PPh,CH,CH,PPh,)]|PFs. This was obtained

resulting a chelate complex of

as the absolute product even lowering the temperature to room
temperature. For the syntheses of the compounds described in this
report, iridium(IlT) complex,
[(F2ppy)alr(u-C)lr(Fappy)o] (F2ppy=2-(2',4"
difluoro)phenylpyridine) and diphosphine ligands (L,/L,) were

the chloro-bridged dinuclear

4 | Journal Name, [year], [vol], oo—oo
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reacted in dichloromethane at room temperature for very short
periods (2 minutes). The synthesized complexes exhibit an
intense blue emission under excitation by UV ray with a
fascinating structure where the diphosphine coordinate as
monodentate to the central metal atom. Probably, the presence of
strong electronegative fluorine atoms in phenyl of 2-
phenylpyridine restricts the formation of chelating complex of
diphosphine to iridium(Ill) in these cases. With using
bis(diphenylphosphino)propane (L,) as diphosphine, the crude
reaction mass contains two products that were isolated by column
chromatography (2 and 3). The complex 2 corresponds to the
appended diphosphine in bis-2-(2',4'-difluoro)phenylpyridine
iridium(Il) complex (Scheme 1). The complex 3 was
characterized which corresponds to [(Foppy),Ir(u-Lo)Ir(Foppy)s]-
On hand, of  2-
bis(diphenylphosphino)ethane (L;), the exclusive formation of

which bis-2-(2',4'-

the other for the case

the complex corresponds to
difluoro)phenylpyridineiridium(III) where diphosphine ligand
remains as appended (mono coordinated) (1) at  room
temperature (Scheme 1). It is to be noted that there has no
formation of chelating diphosphine iridium(III) complex in this
case, even upon allowing the reaction to continue for 72h. The
chelating diphosphine mixture was isolated when the reaction
mixture was refluxed in methanol for 15 min. This observation
depicts the occurrence of chelating / or non-chelating which is
absolutely depending upon temperature variation. We have
isolated and characterized the chelating complex by '"H NMR and
HRMS and results are given in supporting document (Fig. S1).
The 'H, *'P and '°F NMR spectra of these complexes support that
the structure of complexes 1 and 2 contains a free terminal
phosphine group (Fig. S2 and S3) whereas 3 (Fig S4) is a
bimetallic iridium complex with the diphosphine ligand acting as
a bridge between the two iridium(IIl) centers. The isolation of 3
from the reaction mixture indirectly supports the monodentate
rather than chelating coordination mode of diphosphines to
iridium in 1 and 2 (Scheme 1). The synthesized complexes have
C1 symmetry, and as a consequence, the results show a '"H NMR
spectrum where the total number of proton resonances equals the
total number of aromatic protons present in the complex. The 'H
NMR data of 1 and 2 show 12 distinct sets of aromatic protons
which correspond to the total number of protons present in the
complexes (Fig. S2 and S3).

In the *'P-{'H}-NMR spectrum of 1 and 2, the presence of two

45

clearly non-equivalent P atom peaks supports the fact that one of
the phosphorous atoms remains without coordination in the
complex. The *'P signal of the coordinated phosphorous atom
appears as a double triplet (dt) at & -9.2 ppm with Jpr = 8.1 Hz,
whereas the non-coordinated phosphorous atom shows a peak
corresponding to a double singlet signal at § -12.2 ppm with J p.
p=31.5 Hz which matches well with previous reports'>(Fig 1) for
free PPh,. Each phosphorous signal will split into a doublet'® and
signal "a" (db signal) will split further into a triplet by P-F
coupling while signal "b" will not split further because of weak
long range coupling. Similarly, for the case of 2, the *'P-{'H}-
NMR spectrum shows two different signals: the one labelled as
"a", a triplet at & -12.9 ppm with J pr =7.7 Hz and a signal "b"
appearing as a singlet. In this case, since there should be no
splitting between two P atoms (because of the long range
coupling), they should appear both as singlets, but signal "a" will
be further split by interaction with the F atom into a triplet with
Jo.r ~ 8 Hz. The *'P-{'H}-NMR of complex 3 is showing again
two different signals "a" and "b", as a double triplet at & -11.96
ppm and & -12.46 ppm with Jp_ = 8 Hz.

L
I o '
F s ) .
P4 NN
o Ph,
L |
N .

8.6 9.0 9.4 o8 -10.2
f1 (ppm)

Fig. 1°'P {'"H} NMR spectra of complex 1 showing two different
signals appearing as a doublet of triplets (a) and a doublet (b).

Aggregation-Induced Enhanced Emission.

The ‘aggregation induced emission (AIE)’ property of the blue
phosphorescence at A, 461 and 488 nm for both (Table S1)
complexes, respectively, is investigated. Both compounds are
highly
dichloromethane (DCM), chloroform (CHCI;), tetrahydrofuran
(THF), dimethyl sulfoxide (DMSO) or dimethyl formamide

soluble in common organic solvents such as

(DMF) but they are not soluble in water. These complexes show a

very weak emission only in DMF, but they are both strongly

This journal is © The Royal Society of Chemistry [year]
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emissive in the solid state (under illumination with a 365 nm UV
lamp). A different amount of water (f,, in the range 0-99%) is
gradually added to a set of solutions of complexes 1 and 2,
keeping the overall concentration of the solution to 10° M. The
measured photoluminescence (PL) intensity of complex 1
diminishes up to a water concentration about f,, < 50% [<60% for
2], then starting to increase for water fractions up to f, = 70%
(Fig. 2a). At this condition, the PL intensity is about 4 times (3.5
times for 2) higher than the PL intensity measured in pure DMF
solution (Fig. 2 and Fig S5). After reaching a maximum intensity
at f, = 70%, the PL intensity decreases along with increasing
water content. The solid state emission intensity of 1 becomes six
fold higher than that in pure DMF solution (Fig. S6). Similarly,
the emission intensity of 2 is about twenty times higher than that
in pure DMF solution (Fig. S6). We have performed another
experiment: with an increasing fraction of polyethylenene glycol
(fpeg) in dimethylformamide solutions of definite concentration
of 1, the emission intensity gradually increases (Fig.S7). In the
viscous PEG medium, the rotation of diphenyl rotors of
diphosphine ligand is highly restricted resulting in an emission
enhancement. These experiments primarily support the AIE
activity of these complexes. At lower percentages of water (f,, 0-
40% for 1 and f,,, 0-50% for 2), the lowering of the PL intensity
seems to be due to the formation of amorphous aggregates or to
interactions with solvent molecules'’. In the case of 1, the PL
intensity again decreases after reaching a maximum at 70%. This
abnormal variation of the AIE property for both complexes may
be due to two reasons. Only those molecules which are present on
the surface of nano particles, emit light and contribute to the
fluorescent intensity upon excitation, leading to a decrease in the
fluorescence intensity after aggregation. On the other hand, the
RIR (restricted intermolecular rotations) of substituted phenyl
rings at phosphorous around the single bonds in the aggregated
state will enhance light emission. The emission intensity of
aggregated species will depend on which of both phenomena is
going to dominate and affect the fluorescent behaviour of the
aggregated molecules after addition of water; the other reason,
the solute molecules can aggregate into two kinds of nanoparticle
suspensions: crystalline and amorphous particles. Crystalline
particles would enhance the PL intensity, while amorphous ones
lead to a reduction in the intensity'™'®. The aqueous mixtures
with higher f, for which the formation of precipitate is not

observed, suggests that the size of the aggregates are in the nano-
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scale dimension. This is proved by UV-VIS spectra of the
complexes having the level-off tail in the longer wavelength
region (400-650 nm) (Fig S8). The PXRD data of 1 and 2 showed
semi-crystalline and amorphous nature, respectively (Fig. S10).
This observation is in accordance with the observation of
maximum PL intensity which was obtained for 1 with water
fraction (f,) 70%.

The solution quantum efficiencies of the complexes 1 and 2 have
been measured to 0.067 % and 0.020 %, respectively [reference is
used quinine sulphate in 0.1M sulphuric acid, quantum yield
(QE) = 0.55]. The absolute solid state QE for the complexes 1
and 2 has been measured using integrating sphere and the values
obtained 7.252% and 6.165 %, respectively. So, these QEs are
107 and 295 times higher as compared to their solution quantum
efficiencies, respectively in agreement with the strong emission
observed in the solid state with respect to their respective
solutions showing the remarkable AIE property of the complexes.
Life time data for complexes in solution and solid state were
found to be 19.30 ns and 2 ps for 1, and 55.19 ns and 3.382 ps for
2 (Fig. S10, Table S1), respectively.

Studies using a particle size analyzer also reveal the formation of
nanoaggregates (in 90% water fraction) with diameters in the
range of 170-200 nm (Fig. S11). Clearly, aggregate formation
has enhanced the PL of both complexes, in other words, both
complexes are AlE-active. The photo physical properties of
complex 3 have been studied and found similar emission and
absorption bands as those observed for complexes 1 and 2 (Fig

S12, Table S1).

12000000 | Complex 1

Water fraction/%
10000000 0
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—40
—50
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—70
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—90
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8000000 -

6000000 -
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4000000 -

2000000 -
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T
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Fig. 2 (a) PL spectra of complex 1 with [M] =10° mol L in DMF-water
mixtures water fractions (f,). (b) Fluorescent photos of the aqueous
mixtures radiated with an ultraviolet light at 365 nm. (¢) Solid thin film

emission of complex 2

Table 1. Vertical excitation energies, oscillator strengths, and

orbital contributions (=5 %) to the electronic transitions
calculated for the transition to lowest excited states of the studied

complexes.

States AE, eV (nm) f Assignments

Complex1 T,  2.87 (432) HOMO-4—LUMO (10%)
HOMO-3—LUMO+1 (8%)
HOMO-—LUMO+1(14%)

HOMO — LUMO (48%)

T,  2.89(430) HOMO-4—LUMO+1 (8%)
HOMO-3 — LUMO (8%)

HOMO-2— LUMO (21%)
HOMO-2—LUMO+1 (5%)

HOMO—LUMO+1 (39%)

Si 3.26(380) 0.037  HOMO — LUMO (95%)

S, 332(373) 0.004  HOMO—LUMO+1 (95%)

S:  3.72(333) 0.049  HOMO-2— LUMO (26%)
HOMO-2—LUMO-1

(47%)

HOMO-1 — LUMO (5%)
HOMO-1—LUMO+1 (9%)

Complex2 T,  2.84 (436) HOMO-4— LUMO (15%)

HOMO — LUMO (60%)

T,  2.89(428) HOMO-3 — LUMO (6%)
HOMO-3—LUMO+1
(13%)

HOMO-2 — LUMO (7%)
HOMO-2—LUMO+1

(18%)

Y

HOMO—LUMO+1 (38%)

S1  3.19(389) 0.032  HOMO — LUMO (97%)

S2 333(373) 0004  HOMO—LUMO+1 (96%)
HOMO-2—LUMO+1
(85%)
HOMO-3—LUMO+1

(5%)

S4  3.75(331) 0.043

10

I
S

w
=3

w
s

40

Ground State Geometries

The optimization of the molecular structure for the ground state
suggests slightly distorted octahedral coordination geometries for
the two Iridium(IIT) complexes 1 and 2 (Fig 3). As shown in
Table S2, there has no major difference neither in the Ir-X
distances nor in the X-Ir-X angles between 1 and 2 except for the
Ir-P distance and the Cl-Ir-P angle, whose values increase slightly
as the bridge between the two diphenylphoshines becomes larger.
In the two structures shown (Fig. 3), It is evident that only one of
the two phosphorus atoms of the diphosphine belongs to the
coordination environment of the iridium atom, while the other
one remains free to coordinate with other metal atoms present in

the solution.

?l

,,,.,.nml'.’l

Complex1

Complex 2

Fig. 3 Ground state molecular structures calculated in dichloromethane

solution. Hydrogen atoms are not displayed for the sake of clarity.

Frontier Molecular Orbitals

The frontier molecular orbitals of complex 1 are shown (Fig. 3).
While the HOMO-3, HOMO-2 and HOMO have a remarkable d
contribution from the Iridium(III) center, along with a p orbital
from the Cl atom and & character from the two 2-phenylpyridine
ligands, the HOMO-1 consists on a © type orbital located on one
of the diphenylphoshines. The latter one is the only frontier
molecular orbital which has participation from the ancillary
ligand. The LUMO and LUMO+1 are quasi-degenerate orbitals
composed of n* type orbitals located on the 2-phenylpyridine
ligands, with no significant metal participation.

Except for the HOMO-1 and HOMO-3, all the other mentioned
orbitals have a notable participation in the low-lying electronic
states. The relevant molecular orbitals related to the electronic
transitions and the HOMO-LUMO gap of approximately 4.0 eV

are quite similar for the two studied complexes (see Table S3).

This journalis © The Royal Society of Chemistry [year]
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Fig 5. Solution absorption spectra for 1 and 2 at a concentration of 10°M

2 in DCM (Inset: enlarged absorption spectra in the region 400-500 nm).
S N
) LUMO . . . .
In order to gain more insight into the nature of the electronic

LUMO+1 %‘
) — 406V transitions observed in the experimental absorption spectra,
O%& 25 excitations to other low-lying singlet and triplet states were
HOMO-1 % calculated. This information is summarized in Table 1. The
) s HOMO
}g N $ excitation from the ground state to the second excited singlet
$ state, S,, is mainly an HOMO to LUMO+1 transition. The nature
(%* N (KZ& ’ Y
’ of this second excited singlet state is quite similar to that of the

HOMO-3 2

>

} HOMO-2  ; first excited singlet state because of the resemblance between the

LUMO and LUMO+1, although the corresponding oscillator

e

%

strength for this transition is almost negligible for the two

Fig 4. Highest and lowest occupied molecular orbitals for complex 1. complexes. The intense absorption band observed in the

experimental spectra at 300-330 nm (Fig. 5) corresponds mainly
Excited States 35 to the electronic transition to the fourth excited singlet state (with

contributions from other high-lying singlet states). The major
The calculated excitation energies (Table 1) corresponding to
contribution to this fourth singlet state is an excitation from the
the electronic transition from the ground state to the first excited
HOMO-2 to the LUMO or LUMO+1, with an important MLCT
singlet state S; are 3.26 and 3.19 eV, respectively. This electronic o
character as it is found for the first singlet state. In the low energy
transition can be seen as a promotion of an electron from the ) )
40 region of the absorption spectra (400-450nm) (Fig.5), a band of
HOMO to the LUMO, with an important MLCT character from
low intensity is observed which can be attributed to the partially
the d orbitals of the Iridium atom to the © system of the two 2- » ) .
allowed transitions to low-lying triplet states due to the spin-orbit
phenylpyridine ligands, together with some charge transfer from ) )
) o coupling induced by the presence of the metal centre. The
the p orbital of the Cl atom to the two 2-phenylpiridines and a
calculated excitation energies to the first and second triplet states
significant m to ©* transition within these ligands. The slightly ) ) )
45 are in excellent agreement with those found for the experimental
smaller HOMO-LUMO gap obtained for complex 2 (3.95 vs.
absorption bands (Table S1). The character of the transitions
4.04 eV) is responsible for the lower excitation energy calculated
from the ground state (Sy) to the first and fourth excited singlet
for this complex. This information correlates satisfactorily with )
(S;, S4) and the first triplet states (T;) has been analyzed
the experimental absorption spectra. The associated computed ) . . . .
) o ) - comparing the atomic Mulliken populations for each fragment in
oscillator strengths predict similar absorption intensities for the
so the molecule. The results shown in Table S5 indicate very similar
two complexes, in good agreement with the experimental o
MLCT character for the two complexes for the excitations to S;

observations. ) ) )
and S,;, while the MLCT character play a minor role in the
transition to the first excited triplet state T;.
— Complex 1 The nature of the MLCT character of these transitions can be
—~ 80000 L — Complex 2

ss further visualized by plotting the difference between the charge

Extinction coefficient (M'1cm'1)

50000 L densities of the two states involved in the transition. Fig. 6 shows
1 400

m these difference plots for complex 1. From this representation it

40000 o s T sho can be easily seen that the most important charge transfer in the

Wavelength (nm)

So—S; and Sy—S, transitions, responsible for the absorption
20000

Extinction coefficient (M 1cm

0 process, is between the Iridium atom and one of the two 2-

0 o o oo . phenylpyridine rings. Very similar plots can be obtained for

Wavelength {nm) complex 2
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o

So— Sy

So— S, So—> T,

Fig 6. Electron density differences between the S; and the S states (left),
S, and S, states (middle), and T, and S, states (right) for complex 1. Blue
corresponds to negative values (higher electron density in the ground
state) while green corresponds to positive ones (higher electron density in

the corresponding excited state).

Selective optical response to various metal ions along with

Hg+2

AIE active complexes with appended phosphorous donating
atoms such as 1 and 2 have a great potentiality in sensing
The emission spectra of 1 in presence of
individually different metal ions such as Mg2+, K', Ni¥", Al*,

Ccd*, Co**, Pb ¥, Bi %', Fe*', Agﬂ, Cu*, Au™, Zn"* with Hg+2

applications.

were recorded (the solution giving AIE property is prepared 1 in
DMEF/H,0 = 3/7) (Fig. 7a). As it can be seen in (Fig. 7a-7¢), the
emission intensity was ~80 % quenched in the presence of Hg"
ions. The specificity of the probe molecules towards Hg'™ ions
has been studied in competitive experiments in the presence of
other metal ions (Fig. 7b). The grey bars represent the intensity
of the emitted radiation in presence of Hg™ ions in solution
together with individual metal ions such as Mg2+, K, Ni¥, AI*,
Ccd*, Co**, Pb*, Bi%, Hg+2, Fe*", Ag’, Cu*, Au”, and Zn™
showing the high impact on the emission intensity when
compared to the black bars which correspond to the emission
intensity of a solution of the same metal ion in absence of Hg".
The quenching effect on the emission intensity of 1 in presence of
Hg"™ shows that it is a highly selective ratiometric luminescent
molecular probe for the detection of Hg'? ions in solution. The
experiment performed with 2, showed similar results (Fig. S13).
The absorption spectra of 1 were also recorded in presence of
different cations, showing a gradual variation of the absorption

spectra (Fig. S14)].

40

4

b

——Blank
20000000 - — K
— Ni(l
18000000 - A::"Z)
16000000 ——cd(i
——cCofll)
5 14000000 Pbill)
£ 12000000 - — Bi(ll)
2 —— zn(Il)
@ 10000000 - [\ Felll)
2 Fe(ll)
£ 8000000 —cu
a —— Mg(ll)
& 6000000 Au(il
4000000 - — Ag(l)
2000000 - Ha(ll
O T T T T
450 500 550 600 650 700
Wavelength(nm})
a
I withought Hg(ll)
C—Iwith Hg(ll)
18000000
16000000
14000000
12000000

3 10000000
<

8000000
6000000
4000000
~= WL LR
: L
12 3 45 6 7 8 9 1011 1213 14 15

Ni 2

Blank K* Al Cd?* Co** Pb3* Bi* Hg? Fe? Ag™ Fe® Cu? Au"? mg™
Cc

Fig. 7(a) Fluorescence spectra of complex 1 with [M] =107 mol L at f,,

= 70 % upon the addition of 4 equivalent of metal ions. (b) Column
diagrams of the fluorescence intensity of complex 1 + M"  at 463 nm.
Black bars represent the addition of various metal ion to the blank
solution and gray bars represents the subsequently addition of Hg'*(4
equivalent) to the above solutions ( complex 1+ M™+ Hg™) (¢) photo of
complex 1 when dispersed at f, = 70 % with [M] =10° mol L', by
adding 4 equivalent of metal ions. From left to right: 1,blank ; 2, K'; 3,
Ni'%; 4,A1%; 5,Cd" ; 6, Co™; 7, Pb™; 8,Bi'%; 9, Hg'%10, Fe'?; 11,Ag"; 12,
Cu®"; 13, Fe™; 14, Au; and 15, Mg radiated with an ultraviolet light at
365 nm.

The effect of Hg"? on solutions containing complex 1 was also
studied very carefully by UV-VIS absorption and PL
spectroscopy. Some changes in the UV-VIS absorption spectrum
have been observed after titrating 1 with Hg: the band at 372
nm which is assigned to the spin-allowed metal-to-ligand charge-

transfer (‘MLCT) (dn(Ir) — 7*(C”N) transition (see Table 1) is

This journal is © The Royal Society of Chemistry [year]
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slowly shifted to 356 nm resulting in two isosbestic points at 322 with [M] =10° mol L") upon the increasing addition of Hg'? ions (from

and 360 nm, indicating strong interactions between 1 and the 25 0.0 to 14.0 uM) (nitrate salt). DMF-H;0 (3:7 v/V). Rex = 380 nm. (b) The

. Q. . .
ng+ ions (Fig. S15). A continuous decrease in the absorption plot of Ly vs. the concentration of Hg'*; inset, the linear relation of L

. th tration of Hg' in th £ 0.0-6.0 M.
intensity at 340 nm for the addition of up to 15uM of Hg*" is Ve e concenfration ot e - fe tange 0 H
. - 2+ . .
observed, while further addition of Hg™" induces only very minor The Sensing of Mechanism of Hg' by complex 1
changes in Ay, indicating that 1 has a 1:1 interaction?® with the

Hg™ ions (Fig. S16). The titration experiment was also Scheme 2

performed with the help of photoluminescence spectroscopy. In + —‘ 2
this case, the emission spectra of 1 are gradually decreasing after O 7:3 Ph
addition of Hg'? to the solution (Fig. 8). A linear relationship was ”"nll..s\“CI Water: DMF ’fu.. \\OHZ i /Hg
obtained between I4¢; and the concentration of I-Ig+2 ions between ({/,L\Pphz HeNOy), / |\0Hz

0 to 6uM, indicating the sensitivity of 1 towards Hg™*. The limit Complex 1 k;:fmplex 4

of detection was calculated'*> 2! to be 170 nM, based on 3o /m, PPh,

Second step Tdecomposition

where G corresponds to the standard deviation of the blank First step | Hg™

measurements, and m is the slope in the plot of the intensity N gl Ehz o Hg
versus the sample concentration. This value is reasonably good in Cc\“?fr\/ Ph,
comparison to many other reported®*” ?? iridium(III) based Hg" (‘:\j
chemodosimeter 2 ’
3000000 - — According to Pearson’s hard-soft acid-base theory®, Hg** is a soft
2500000 o ion (soft acid) that will interact preferentially with a soft base. A
T 2000000, l 35 glimpse at previous reports shows that the most widely used soft
% 500000 ] L base is sulphur, whose lone pair can interact with Hg'? ions very
5 . easily. According to Hui Zeng ef al., lone pairs on nitrogen can
also interact with Hg™® forming soft acid base complexes’.
000001 Herein, we report the first iridium(II) phosphine complex that
o AL a0 can be used as a chemodosimeter for low level detection of Hg™
WO The synthesized iridium(III) complexes have a free lone pair on
the non-coordinated phosphorous atom that can easily interact
a with Hg" ions. The interaction of 1 with Hg"* was studied by
NMR using different nuclei such as 'H, *'P and '°F (Fig. $17-18).
300 o 3.0x10° — 4s To the Hg-probing mechanism, the interaction of dppe ligand
LS R L (PPh, ligand) with Hg" has been investigated. The 'H and *'P
2.0x10° . 200" NMR spectra of PP ligand with 2 equivalents mercuric nitrate
§1.5)(105- . :::: were taken and compared these with the spectra obtained of PP
~ 4 ox10° ¢ i ligand without mecuric nitrate (Fig. S17 a{C, D}, b{C, D}). It is
3 3 3 .
soxior ) * ., (Hg* Bt 50 clearly seen from the 'H NMR spectrum that the aromatic peaks
ool ®e ®enee gets deshielded in case of the mixture of mecuric nitrate and PP
0 2 4 & 8 10 12 14 18 ligand (the signal ~7.29 ppm is shifted to ~7.64 ppm). Similarly,
[Hg* 2y the chemical shift for *'P of PP-ligand after addition of 2
b equivalents mercuric nitrate is moved to more deshielded region

ss (from —14.59 ppm to 38.80 ppm). These downfield proton and
Fig. 8 (a) The luminescent spectral changes of complex 1 (fw = 70 % . . . L .
phosphorous signals hint that the interaction is being operated

10 | Journal Name, [year], [vol], oo—oo This journal is © The Royal Society of Chemistry [year]
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between PP ligand with mercuric ion. Further, the 'H NMR
spectrum of 1 with two equivalents of mercuric nitrate produces a
new signal in between 7.52 ppm and 7.79 ppm (which is not
observed in '"H NMR spectrum of pure complex 1, Fig. S17a{A,
B}). Further, a signal in the similar position (~7.64 ppm) has been
observed in the mixture of P"P-ligand and mercuric nitrate (2
equivalents, Fig. S17a{C}). These changes in 'H and *'P NMR
spectra of complex 1 and P*P-ligand in absence and presence of
mercuric nitrate clearly supports the appended P”P-ligand in 1 is
involved in interaction with the mercuric ion. Again, the HRMS
data for the mixture of complex 1 and mercuric nitrate (1:1)
the of fragments  of
[(Ir(F,ppy),(PPh,CH,CH,PPh,Hg)]*" (Fig. S17¢). In UV-VIS

indicates isolation several

spectrum, the gradual variation of absorbance with increasing
concentration of mercuric ion clearly supports 1:1 interaction
(Fig. S16). All these experimental results tentatively suggest that
in the sensing mechanism where mercuric ion can be easily
interacted with the appended P*P in complex 1 and at the initial
there has formed intermediate

stage, an

[(Ir(F,ppy)»(PPh,CH,CH,PPh,Hg)]** (Scheme 2). Further, after

complex,

addition of four equivalents of Hg'? salt in 1, the luminescent
intensity was quenched and a new complex was isolated from the
solution by extraction using DCM and water which was
characterized by '"H NMR. The '"H NMR spectra of the isolated
complex are shown less number of signals as the parent
compound 1 (Fig. 9). The signal of the diphenyl substituents in
the appended diphosphine ligand disappear ('H NMR signal
between 6=6.2-7.3 ppm) which evidences the detachment of
PPh,-ligand from the complex resulting a bis-aqua iridium
complex® [ Ir(F,ppy)H,0),]", 4 (Scheme 2). To confirm the
absence of phosphorus in 4, it was further studied by *'P NMR
spectroscopy which clearly supports the absence of phosphorous
in this complex [no P peak at 6= —8.90 ppm — (-12.60 ppm)]
(Fig. S18a). In addition, the IR spectrum of 4 clearly indicates the
presence water molecules (Fig. S18b). This mechanism was
further supported by ESI-HRMS measurements on a mixture of
complex 2 and 4.0 equiv of mercuric nitrate. The original peak at
m/z 1006.1608 assigned to complex 1 disappeared and new
signals were observed at m/z 573.0561 and 614.0826 which
attributes to [Ir(F,ppy),]" and [Ir(Foppy),( ACN)]", respectively
(Fig.S18c¢).

45

[
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o
%

70

Complex 1 )‘]
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Fig. 9 'H NMR spectra of 1 (Top) and after addition of 4 eq. of Hg™ to 1
(below)

From the above analysis it can be concluded that the cis-bis-aqua
complex [Ir(Foppy)(H,0),]" is formed. The 'H NMR spectrum of
4 in CDCl; shows six proton signals that match well with
[(Foppy)oIr(H,0),]" (Fig. 9) and the '"F NMR peaks at &= -
107.07 ppm and &= -109.72 ppm (Fig. S18d) reveal its
symmetrical geometry (cis-C,C complex). *'P NMR spectrum of
the mixture of PAP with Hg®" (2 equivalents) result only one
signal [Fig. S17b (C)]. This observation suggests the symmetrical
nature of the detached diphosphine-Hg complex®* from 1. From
the above discussion, the detached diphosphine-Hg complex from
1 can be tentatively assigned to [Hg(P~P)]**. The FTIR peak of 1
mixed with 2 equivalents of mercuric nitrate resulted a peak at
1280cm™, in addition to observation of an another peak at
1380cm™ [Fig. S17d(iii)]. The later peak (1380cm™) matches
well with the free mercuric nitrate which remains as in excess in
the mixture [Fig. $17d(i)]. The other peak observed at 1280cm™
corresponds to the mono-coordinated nitrate to mercury-

diphosphine complex. Further, the HRMS fragment mass of m/z
666 (m/2) which corresponds to iridium-P*P-Hg(NOs),

complex [Fig. S17(c)]. These experiments helped us to assign the
structure of detached Hg-diphosphine complex from 1 to
(PthCHchzpphz)Hg(NO3)2

Conclusions

In summary, we have demonstrated a quite simple reaction route
for the syntheses of new blue emitting AIE active iridium(IIT)

complexes with appended free phosphorous atoms that

This journal is © The Royal Society of Chemistry [year]
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selectively interact with Hg™ ions and has been used in the
efficient detection of mercury(Il) ion from environmental
samples. The detection limit of mercury(Il) from solution went to
170 nM which demonstrates the efficiency of the probe
s molecules as mercury(I) sensors. Hence, these types iridium
based probe molecules can be considered as an efficient

chemodosimeter for Hg"2.
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