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Abstract

Fluorescent iridium nanoclusters (IrNCs) consisting of up to 7 Ir atoms were prepared by heating IrCl; in N,N-
dimethylformamide. No other reagents are required. High resolution transmission electron microscopy (HRTEM) shows the
IrNCs to be monodispersed with an average size of 0.9 £0.2 nm. They are well soluble in polar solvents and stable in these
solvents for at least 6 months. Under photoexcitation with 365 nm light, they emit strong bluish green fluorescence with peaks
that depend on the excitation wavelength and range from 530 to 650 nm. The fluorescence lifetime typically is 2.2 ns and the
quantum yield is 8.3%. Fluorescence is quenched by Cr(VI) ion (chromate), and the emission peak is gradually red-shifted.
According to the absorbance spectra of I'NCs in the presence and absence of Cr(VI) and Stern-Volmer quenching behavior study,
static quenching is involved. Based on these findings, a selective assay was developed for the determination of Cr(VI). It has a
linear response in the 0.1 to 100 uM chromate concentration range and a 25 nM detection limit.

Keywords IrNCs - Fluorescence - N,N-dimethylformamide - Cr(VI) - Static quenching - Red-shift - Ligand-to-metal charge

transfer - Electron-rich atoms - Excitation wavelength-dependent emission

Introduction

The unique optical, electric, magnetic and catalytic properties
of noble metal nanoclusters have attracted broad interests in
recent years [1]. Compared with the lager noble metal nano-
particles, they consist of a few atoms and exhibit unique
molecular-like behavior, including HOMO-LUMO transi-
tions, optical chirality, quantized charging, discrete electronic
states, absorbance and fluorescence features [2]. They have
offered potential applications in bioimaging [3], photonics
[4], sensing [5] and catalysis [6]. The noble metal nanoclusters
of Au NCs [7], Ag NCs [8] and Pt NCs [1] have been
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extensively exploited, including their preparations, properties
and their potential applications. Stable self-assembled gold
particles were prepared using a cationic polymer to cross-
link fluorescent Au NCs by Guével et al. [3]. They showed
a 4-fold fluorescence enhancement due to the aggregation-
induced emission phenomenon (AIE), and can be used to
multimodal cellular imaging, multiple drug/biomolecule load-
ing and releasing, which will be highly interesting for appli-
cation in theranostics. Near-infrared-emitting protoporphyrin
IX-linked gold clusters (PFL-AuC) were synthesized and used
for the selective fluorescence imaging assisted photodynamic
therapy (PDT) [4]. The accurate localization of the PFL-AuC
on tumor cells and effective generation of singlet oxygen in-
duced by the PFL-AuC facilitated targeted cell death. The
NIR emission of the PFL-AuC was also beneficial to the
real-time tracking of the PDT. These works promote the fur-
ther development of fluorescent noble metal nanoclusters-
based photonics therapeutic agent for clinical practice.

In contrast to Au, Ag and Pt nanomaterials, the Ir
nanomaterials were mainly explored for their catalytic appli-
cations [9], very few attempts have been made in the study of
fluorescent IrtNCs. So far only three papers presented the prep-
aration of such IrNCs [10, 11]. The non-fluorescent Ir NPs are
prepared under the reducing action of NaBHy, and then fluo-
rescent I'NCs were formed by adding 2,2'-binaphthol. The
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preparation process needed 2 days to complete in toluene me-
dia, which is quite toxic, complicated and time-consuming.
The monolayer protected Ir'NCs were synthesized via a solid
state method [11]. Precursor IrCls, stabilizer 2-
phenyethanethiol and reductant NaBH, are mixed and grinded
to prepare IrNCs, which are extracted in toluene. The synthet-
ic strategy is simple, although the fluorescence is much weak-
er than other noble metal nanoclusters, and the toxic organic
solvent is used. Obora et al. prepared the DMF-stabilized
IrNCs with blue emission in mixture medium of water and
DMF [12]. This IrNCs can be used as a catalyst in the (3-
methylation of alcohols using methanol as the C1 source.
However, the detailed discussions on formation mechanism
and optical properties of IrNCs have not been provided.
Thus, it is still a challenging task to prepare bright fluorescent
IrNCs through a green approach.

In this work, the bluish green fluorescent IrNCs were pre-
pared in DMF solution without addition of any other reagents.
According to matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF MS) investigation
results, the IrNCs consisted of 2 to 7 Ir atoms. They possessed
different emissions in water, ethanol and DMF, and the emis-
sion spectra typically depended upon the excitation wave-
length. The emission can be sensitively and selectively
quenched by Cr(VI), due to the formation of the non-
fluorescent ground-state complex between IrNCs and
Cr(VI). Hence a fluorescent method based on the Ir'NCs was
developed for the determination of Cr(VI) in water.

Materials and methods
Materials and instruments

Iridium (IIT) chloride trihydrate (IrCl;-3H,O) was pur-
chased from Aladdin Industrial Co., Ltd. (Shanghai,
China, http://www.chemcd.com/supplier/aladdin.html).
DMF, EtOH, potassium phosphate (K3;PO,), potassium
hydrogen phosphate anhydrous (K,HPO,), potassium
phosphate monobasic (KH,PO,), phosphoric acid
(H5;PO,), sodium chloride (NaCl), potassium chloride
(KCl), magnesium sulphate (MgSO,), barium chloride
(BaCl,), lithium chloride (LiCl), zinc nitrate hexahydrate
(Zn(NO3),-6H,0), aluminium sulfate (Al,(SOy4)3),
manganese (II) sulfate tetrahydrate (MnSO,4-4H,0), cobal-
tous chloride hexahydrate (CoCl,-6H,0), strontium nitrate
(Sr(NO3),), nickel sulfate hexahydrate (NiSO4 6H,0),
lead nitrate (Pb(NO3),), cupric chloride (CuCl,), ferrous
sulfate (FeSO,), ferric chloride (FeCls), mercury (II) chlo-
ride (HgCl,) and cadmium chloride (CdCl,) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China, http://www.sangon.com/product). All
reagents were of analytical grade and were used without
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further purification. Milli-Q ultrapure water (18.
2 MQ-cm) was used throughout all experiments.

The fluorescence spectra analysis was carried out on a
fluorescence spectrophotometer (Edinburgh Instruments,
https://www.edinst.com/products/fs5-spectrofluorometer/)
with a 1.0 cm quartz cell (Ex slit 5 nm, Em slit 5 nm). The
fluorescence lifetime of the IrNCs was measured using steady
state fluorescence lifetime spectrometers (FLS 980-STM,
Edindurgh Instruments, https://www.photonics.com/Product.
aspx?PRID=59994). Absorbance spectra of the IrNCs were
carried out on a UV-vis spectrophotometer (UV-2700, Japan
Shimadzu Co., Ltd., http://www.shimadzu.com/an/
molecular_spectro/uv/uv2600 2700.html) with a 1 cm
quartz cuvette. Matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS)
(ultrafleXtreme, Bruker Corporation, https://www.bruker.
com/products/mass-spectrometry-and-separations/maldi-
toftof/new-ultraflextreme/overview.html) measurement of the
IrNCs was performed using 2-[(2E)-3-(4-tert-butylphenyl)-2-
methylprop-2-enylidene] malononitrile (DCTB) as a matrix.
The structure of the I'NCs was analyzed by Fourier transform
infrared spectrometer (FTIR, WQF-600 N, https://www.china.
cn/guangpuyi/3657535594.html). Phase identification of the
Ir'NCs were conducted with X-ray diffraction (XRD, D8,
Bruker AXS Co., Ltd., http://www.vincent.org.rs/en/
equipment/xrd-diffractometer-bruker-axs-d8-bruker-
germany/) using Cu-K« radiation source (A=1.54051 A)
over the 20 range of 3—90°. The oxidation state of iridium
was analyzed by X-ray photoelectron spectroscopy (XPS)
using a PHI Quantum 2000 Scanning ESCA Microprobe
(http://www.phi.com/surface-analysis-techniques/xps-esca.
html). High resolution transmission electron microscopy
(HRTEM, FEI Tecnai 30, Holland FEI Corporation, http://
engineering.case.edu/centers/scsam/microscopes/
transmission-electron/technai) was performed at 300 kV to
visualize the prepared IrNCs, and energy dispersive X-ray
(EDX) analysis of the Ir'NCs was carried out. The sample for
TEM measurement was prepared by slow evaporation of the
IrNCs ethanol solution on a carbon film supported by 300-
mesh Cu grids. The Zeta potential of IrNCs was determined
by using the Zeta potential analyzer (Brookhaven instruments
Corporation, https://www.brookhaveninstruments.com/
nanobrook-zetapals-potential-analyzer).

Synthesis of the fluorescent IrNCs

IrCl; (0.0179 g) was added to 20 mL DMF and dissolved
under ultrasound. The reddish brown IrCl; solution was
refluxed in 140 °C under vigorous stirring for 1 h, the color
of the solution changed to faint yellow and the weak blue
fluorescence was observed. After the continuously stirring
for 9 h, yellowish-brown fluorescent I'NCs formed. The ex-
cess solvent was vacuum evaporated below 76 mmHg at
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90 °C for 1 h and the residue was redissolved in appropriate
solvent for use.

Quantum yield calculation of the IrNCs

The fluorescence quantum yield (®) [13, 14] of the IrNCs was
calculated by using quinine sulfate (® =0.54, dissolved in
0.1 M H,S0,) as the standard sample [15]. To minimize the
self-absorption effect, the I'NCs and the quinine sulfate solu-
tion were prepared with their absorbance less than 0.05 at the
excitation wavelength of the I'NCs. The ® of the IrNCs can be

. ; : _ Fo g Ao o T
acquired according to equation ¥, = &y x FXE X

where the subscripts s and x denote the standard and the sam-
ple test, respectively. F stands for the integrated fluorescence
intensity, A represents absorbance and 1 is the refractive index
of the solvent.

Determination of Cr(VI)

The fluorescent IrNCs were used for the determination of
Cr(VD) in pH 3.0 acetate buffer. Different Cr(VI) concentra-
tions were added into the 0.5 mM IrNCs solution under room
temperature. Due to the excitation and emission wavelengths
of IrNCs red-shifted with increasing of Cr(VI) concentration,
thus the excitation wavelength corresponding to the maximum
fluorescence intensity was used according to the Cr(VI) con-
centration. The fluorescence intensities of the blank solution
(IrNCs) and the test solution (IrNCs-Cr(VI)) were recorded
and labelled with Fy and F, respectively. The fluorescence
intensity difference AF (= F, — F) was also obtained, which
was directly related to the concentration of Cr(VI). A regres-
sion equation was then established and it was used to evaluate
the sensitivity of this method. The selectivity was also esti-
mated by recording the fluorescence responses of IrNCs in the
presence of other interferences.

Sample analysis

Different water samples from tap water, lake and seawater
were analyzed to determine the Cr(VI) content based on the
fluorescent IrNCs. According to reference [16], these water
samples were purified by filtration with 0.22 pwm Millipore
filter to remove large solids. 1.00 mL fresh water samples
were taken and complexed with 1.00 mL 4.0 mM EDTA.
The mixture was centrifuged at 8000 g for 20 min. Spiked
samples were prepared by adding 100 uL of 5 mM, 3 mM
and 2 mM Cr(VI) into 900 uL supernatant liquid and then
were added into 4.00 mL 0.625 mM Ir NCs including
pH 3.0 acetate buffer. The fluorescence intensity was recorded
and the concentration of Cr(VI) calculated according to the
regression equation.

Results and discussion
Choice of materials

DMF was chosen as the solvent and stabilizer for the prepa-
ration of IrNCs. Firstly, it can be decomposed into CO and
dimethylamine under high temperature, which are electron
donor and 7-acid ligand, respectively [17]. CO and
dimethylamine can react with Ir’* to form complex and is
reduced to generate IrNCs. Regarding to AuNPs and
AgNPs, they can earlier react with the macromolecules such
as hyperbranched poly(amidoamine) [18], poly(diallyl
dimethylammonium) chloride [19]. DMF is more economical
stabilizer for the preparation of IrNCs than biomolecules.
Secondly, due to the difference of electric structure, the stabil-
ity of Ir is much higher that Au and Ag, thus [rNCs is much
suitable for practical application. Thirdly, the AuNPs were
used for the determination of Cr(VI) via colorimetric assay.
Molecular-like IrNCs possesses higher sensitivity than
AuNPs in the analysis of Cr(VI) [20].

Preparation and characterization of the IrNCs

The IrNCs were prepared in DMF solution without using
any other reagents. Under 140 °C and in the presence of
Ir3+, the DMF was decomposed into CO and
dimethylamine with reducibility [17], which can adsorb
on the surface of I’ and reduced Ir** to Ir(0). With the
gradually increasing of Ir(0), few Ir atoms stacked into
molecular-like I'NCs (Fig. 1a). The preparation conditions,
including Ir** concentration, reaction temperature and
time, have a great influence on the formation of the
IrNCs (Fig. S1). With the increasing of Ir>* concentration,
the fluorescence spectra of the IrNCs red-shift and the
fluorescence intensity enhances gradually. While the Ir**
concentration is over 3 mM, the excessive growth of the
IrNCs will lead to the decline of fluorescence intensity
(Fig. S1A). Increasing reaction temperature to 140 °C,
the fluorescence intensity reaches the maximum and it will
decline with the consecutive increasing of reaction temper-
ature. This is related closely to the decomposition rate of
DMF. Too slow decomposition will postpone the formation
of the IrNCs, while rapid decomposition will decrease the
reduction efficiency of Ir’* (Fig. S1C). Thus, under
140 °C, 3 mM Ir’* was incubated for 10 h to prepare the
fluorescent IrNCs. Too long reaction time will also lead to
the over growth of the IrNCs and decrease the fluorescence
intensity (Fig. S1E). The photographs of the IrNCs under
visible and 365 nm UV light were accord with the fluores-
cence spectra of the IrNCs under corresponding reaction
conditions (Fig. S1B, D, F). The quantum yield of [rNCs
was calculated to be 8.3% using quinine sulfate as refer-
ence [13, 15].
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The Ir** solution has three obvious absorbance peaks at
301, 443 and 498 nm. With the formation of the florescence
IrNCs, the three peeks disappeared completely, suggesting
that all I’ were involved in the preparation of I'NCs (Fig.
1b). The brownish red [rNCs emit strong bluish green fluores-
cence under 365 nm UV light (inset of Fig. 1b), and show the
maximum excitation and emission wavelength at 487 and
575 nm, respectively (Fig. 1¢).

The IrNCs exhibit fairly uniformity and good
monodispersity, the average diameter is about ca. 0.9 £
0.2 nm based on the statistic result of 76 particles (Fig. 2a, b).
FTIR spectra were used to further evidence the chemical struc-
ture of the Ir'NCs (Fig. 2¢). IrCl; has no obvious FTIR absor-
bance peaks but three weak peaks at 3435, 1621 and
1382 cm ', Compared with DMF, there is a new peak appear-
ance at 2060 cm ' in the FTIR spectrum of [rNCs, which attri-
bute to the adsorption of CO on the surface of IrNCs [21, 22].
These results suggest DFM is decomposed to form CO and
dimethylamine with reducibility, which can reduce Ir** to form
the fluorescent Ir'NCs. XRD pattern of the Ir'NCs shows the
diffraction peaks observed at 20 values of 28.3, 40.7, 50.3,
58.8, 66.5, 73.9 and 88 correspond to (12—4), (111), (251),
(621), (112), (022) and (222) facts of the IrNCs (Fig. 2d).
Facets of (251) and (621) are assigned to Ir4(CO);,, indicating
CO is absorbed on the surface of the IrNCs. Facets of (111) and
(222) are contributed to the Ir crystals, suggesting Ir(0) is pres-
ent throughout the I'NCs. MALDI-TOF MS spectrum demon-
strated the existence of sub-nanometer-sized IrNCs containing
2 to 7 Ir atoms. The masses of the dominant molecular ions at
500.424, 750.598, 1001.801, 1251.972, 1503.166 and
1754.271 are in accordance with Ir,(CO)[N(CH3),],,
Ir3(CO),[N(CH3),],(NHCH3), Iry(CO)3[N(CH3),].(NHCH3),,
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Irs(CO)4[N(CH;):],(NHCH3)3, Irs(CO)s[N(CH3),|,(NHCH3)4
and Ir,(CO)[N(CH3),],(NHCH;)s (Fig. 2¢). These results con-
firm the formation of IrNCs consisting of 2—7 Ir atoms by the
reduction actions of CO and dimethylamine to Ir’*.

The XPS spectra of the ['rNCs were used to identify the
oxidation state of Ir and the interaction with N and O. The
survey spectrum of the IrNCs shows four typical peaks of
Ir4f, N 1s,0 1s,C 1 sand the corresponding content of
each element were measured to be 1.16%, 14.06%, 12.79%
and 71.98%, respectively (Fig. S2A). The high-resolution
spectra of the Ir 4f regions reveal two chemical state: Ir(0)
characterized by 4f7/2 and 4£5/2 with binding energies of
60.9 and 63.8 eV, respectively; and Ir**-O/N of 61.8 and
64.5 eV (Fig. S2B) [23]. Two peaks of O 1 s high-
resolution spectra at 531.3 and 532.1 correspond to
—C =0 and Ir"*-0, respectively (Fig. S2C). The binding
energies of N 1 s at 399.7 and 400.7 eV indicate the pres-
ence of two relative nitrogen species of C-N-C and Ir°*-N,
respectively (Fig. S2D) [24]. The high-resolution Cls
spectra of the IrNCs revealed the presence of C-O
(284.7 eV), C-N (285.8 ¢V) and -C =0 (287.6 ¢V) (Fig.
S2E). These results further confirm the interaction of Ir
with CO and N in DMF, which are consistent with the
results from FTIR.

The lifetime of the excited state is defined by the av-
erage time the molecule spends in the excited state prior
to return to the ground state [13]. Fig. S3 shows the time-
resolved fluorescence decay curve of the IrNCs and the
fluorescence lifetime was calculated to be 2.2 ns (Table
S1). The fluorescence spectra of the IrNCs are red-shifted
upon the increasing of excitation wavelength (Fig. 3).
This excitation wavelength-dependent emission can be
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Fig. 2 a HRTEM of the IrNCs; b
the particle diameter distribution
of the I'NCs; ¢ FTIR of IrCls,
DMF and Ir NC; d XRD of the
IrNCs; e MALDI mass spectrum
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explained by spectral broadening mechanism [25]. DMF
contains electron-rich atoms of nitrogen and oxygen and a
fraction of electron is transferred to the Ir atoms of I[rNCs
to form ligand-to-metal charge transfer (LMCT) com-
plexes [26]. I'NCs are stabilized by accepting and local-
izing the electron density, and extent of localization

determines the clusters size by preventing from the exces-
sive growth and induces electronic asymmetry. Due to the
high polarity of DMF, the LMCT will possess high dipole
moments and can interact with surrounding dipoles. This
action perturbs the energy of the ground state to some
extent and thus site distributions form with different

Fig. 3 a Fluorescence emission a ——400— 410 b
spectra of the IrNCs at various = 4+ Iiiﬁ:ﬁiﬁ 6401
excitation wavelengths; b the PL = —:gg—:;g g
peak of the IrNCs as a function of 2 3- so—s0| S ]
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8 24 —se0—s70| G
E w2l 2 s
- 1 S
= R —
T T 520 L T T T T T
500 600 700 400 450 500 550 600
Wavelength/nm Excitation wavelength/nm
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Fig. 4 a The fluorescence of (a) the I'NCs and (b) I'NCs +1 mM Cr(VI),
b UV-vis absorbance spectra of (¢) I'NCs and (d) I'NCs +50 uM Cr(VI),
¢ Stern-Volmer plots of the fluorescence of I'NCs quenched by the Cr(VI)

interaction energies. The ground-state heterogeneity con-
tributes to monotonous shift of A\;" as a function of A,
and A, as a function of Ay, in a manner [27].

The solvent polarity and the local environment have
profound effects on the fluorescence spectra by the
solvent-fluorophore interactions [13]. If the interaction
occurs in the ground state, the some change in the exci-
tation spectrum is expected. If the interaction only occurs
in the excited state, the polar additive does not affect the
excitation spectrum. As shown in Fig. S4, the excitation
and emission spectra of the I'NCs in water (Ao, =458 nm,
Aem = 542 nm), EtOH (A =479 nm, A., =564 nm) and
DMF (Aox =477 nm, A, =560 nm) are appreciably dif-
ferent, suggesting the interactions occur in the ground
state. Owing to the n-7t" transition of the IrNCs, the for-
mation of hydrogen bond of solvents will considerably
influence the fluorescence spectra of the IrNCs. With the
increasing of hydrogen bond formation ability of solvents,
the energy gap increases between the first excited singlet
states and the ground state, and the fluorescence spectra
of the Ir'NCs will shift to short wavelength. It should be
stated, however, that the fluorescence spectra and intensi-
ty show no obvious change with the storage of these ma-
terials for 6 months suggesting that the IrNCs possess
good stability in ambient conditions (Fig. S4).

The fluorescence spectra appear blue-shift with the de-
creasing of the IrNCs concentration, simultaneously, fluo-
rescence intensity increases from 3 mM to 0.5 mM and
decreases when the concentration is lower than 0.5 mM
(Fig. S5). This phenomenon is closely related to the sur-
face state of the IrNCs [28]. The FTIR spectra show that
the IrNCs contain C=0 and N-H, thus, the IrNCs can
form intermolecular hydrogen bonds and contribute to ex-
tended conjugation in the structure of the IrNCs. With the
decreasing of IrNCs concentration, the hydrogen bonds
are destroyed by the surrounding solvent molecules and
the conjugation structure lessens, accompanying with the
blue shift of the fluorescence spectra. The fluorescence
intensity increases with decreasing of IrNCs concentration
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under different reaction temperature. The F) and F' values were obtained
from the integrated emission intensity in the absence and presence of the
Cr(VI), respectively

in the range of 3 to 0.5 mM, which is the self-quenching
phenomenon of high concentration fluorophore.

Quenching mechanism study of Cr(VI) on the IrNCs

Fluorescence quenching is the fluorescence intensity de-
crease of fluorophore by various interactions with
quenchers, including excited-state reactions, molecular re-
arrangements, energy transfer, ground-state complex for-
mation, and collisional quenching [13]. In the presence of
Cr(V]), the fluorescence of the IrNCs is quenched and the
excitation and emission spectra occur red-shift (Fig. 4a).
This contributes to the changed microstructure of the
IrNCs under the oxidation of Cr(VI). The absorbance
spectra of IrNCs is entirely different in the presence and
absence of Cr(VI), suggesting one nonfluorescent ground-
state complex formation between IrNCs and Cr(VI) (Fig.
4b). The fluorescence quenching mode was also investi-
gated according to the Stern-Volmer equation Fy/F =1+
K t[Q]=1+K,,[Q], where F and F, stand for fluores-
cence intensities in the presence and absence of the
quencher, respectively, Ty is the lifetime of the
fluorophore in the absence of quencher, [Q] is the con-
centration of the quencher, K, and Kj, are the quenching
rate constant and Stern-Volmer quenching constant, re-
spectively. Fig. 4c depicts the Stern-Volmer plots of the
fluorescence of IrNCs quenched by the Cr(VI) and
Table 1 shows the K, and K, under different reaction
temperature. With the increasing of the reaction tempera-
ture, the K and K, decline, suggesting that the increased

Table 1 Stern-Volmer constant of interaction between the IrNCs and
Cr(VI) at different temperatures (7: correlation coefficient of the Ster-
Volmer equations)

T/K Ksy (L'mol ") K, (L'mol™"s™") r

298.15 K 498 x10° 22751 % 10" 0.9961
308.15 K 448 10° 2.0267 x 10" 0.9950
318.15K 4.05%10° 1.8502 x 102 0.9975
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Fig. 5 a The fluorescence spectra
of the I'NCs in the presence of
different Cr(VI) concentration in
pH 3.0 acetate buffer, inset: the
corresponding photographs under
visible light and 365 nm UV
lamp; b Linear relationship
between the AF with Cr(VI)
concentration in range of 0.1 to
100 uM under room temperature
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reaction temperature accelerates the formation of ground-
state complex. This complex absorbs light and immediate-
ly returns to the ground state without emission of a pho-
ton. Moreover, the introduction of Cr(VI) can not change
the fluorescence lifetime of the IrNCs (Fig. S3). These
results confirmed that the quenching mode of Cr(VI) to
the IrNCs can be ascribed as static quenching.

Determination of Cr(VI)

Cr(VI) is one of main pollution in soils and waters due to
its wide use in leather tanning, textile industries,
electroplating, metal finishing, nuclear power plant, and
chromate preparation [29]. Owing to the high oxidizing
potential and permeability of biological membranes, it has
been considered to be hazardous to human beings and
have potent carcinogenic and mutagenic effects [30].
World Health Organization (WHO) and the United
States Environmental Protection Agency (EPA) state the
maximum tolerant chromium concentration in drinking
water are 0.96 and 0.19 puM [31, 32]. Thus, the rapid
determination of trace Cr(VI) in water is very significant.
It has been found that the strong fluorescence of the
IrNCs can be quenched in the presence of Cr(VI) and
the excitation and emission spectra have an obvious red-
shift (Fig. 5a). The fluorescence intensity of the IrNCs
decreases proportionately with the increasing concentra-
tion of Cr(VI) from 0.1 to 100 uM (Fig. 5b). The regres-
sion equation was AF=47.06 + 1.50 Cc¢,yyy with the cor-
relation coefficient (r) of 0.9987, and the detection limit
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was calculated to be 0.025 uM (calculated by 3Sb/k,
hereinto, 3Sb/k referred to the quotient between triple of
the blank reagent’s standard deviation and the slope of the
working curve; Sb referred to the standard deviation of 11
parallel analysis of the blank reagent. Sb is 4.9%, k is the
slope of the working curve). The determination result is
lower than the WHO and EPA standard. The color of the
IrNCs changes from colorless to faint yellow with the
increasing gradually of Cr(VI) under visible light, while
the fluorescence intensity of IrNCs gradually was
quenched irradiating by 365 nm UV light (Fig. 5a inset).

Fluorometric methods based on various nanomaterials
for the determination of Cr(VI) are compared in Table 2.
The determination limit and linear range of this work are
comparable with fluorescent CuNCs, CdTe quantum dots
and Silicon nanoparticles [14, 33-35]. The preparation
conditions of the IrNCs are gentler than CdTe quantum
dots and Silicon nanoparticles [33, 34]. The excellent sta-
bility and potential environmental safety endow IrNCs
with superiority over other fluorescent nanomaterials
[16]. Thus, the fluorescent IrNCs show the great applica-
tion promising in many analytical chemistry fields.

The selectivity of this fluorescent method for Cr(VI)
determination was assessed by investigating the effects
of frequently encountered interferences. Anions, such as
P,0,*, I, S,04°, F, ClO4, Br, 105, HSO,4 , S,05>,
NOzzf, CO327, NO;, BrO3 ™ and 104, biomolecules, in-
cluding melamine, BSA, cysteine, uric acid, Ve, glutathi-
one, ovalbumin, 3-hydroxytyramine hydrochloride, L-ly-
sine, L(+)-arginine, L-tryptophane, L-tyrosine, L-

Table 2 Comparison of the

analytical performances of Methods Materials used Linear range/uM LODs/ nM Refs.

different methods for the

determination of Cr(VI) Fluorescence IrNCs 0.1 to 100 25 This method
Fluorescence CuNCs 0.2-60 65 [14]
Fluorescence CdTe quantum dots 0.2-20 154 [33]
Fluorescence Silicon nanoparticles 0.1-200 28 [34]
Fluorescence Carbon dots 1-10 200 [35]
Fluorescence Graphene quantum dots 0.05-500 3.7 [16]
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Table 3  Concentration determination of Cr(VI) in the water samples
Samples Added (uM)  Found (uM) RSD (%) Recovery (%)
Tap water 0 0 - -

50 48.7 23 97.4

30 30.2 4.0 100.6

20 20.3 3.1 101.5
Lake water 0 0 - -

50 51.2 43 102.4

30 30.7 2.8 102.3

20 19.9 3.6 99.5
Seawater 0 0 - -

50 49.7 3.8 99.4

30 30.1 4.1 100.3

20 19.5 2.7 103.5

phenylalanine, L-proline, L-methionine and L-glutamic
acid have no obvious influence to the determination of
Cr(VD) (Fig. S6, 7). Other ions do not disturb the analysis
of Cr(VI) except for a minor effect caused by MnO, in
concentrations of >50 uM (Fig. S8). These results show
the high selectivity of IrNCs fluorescence sensor for
Cr(VI) determination.

Sample analysis

The Cr(VI) concentration in tap water, lake and seawater were
determined to test the applicability of this method. Different
dosage of Cr(VI) was added to the sample matrices to deter-
mine recovery. In Table 3, the RSD (three parallel determina-
tions) and recovery are calculated based on the concentration
determination of Cr(VI) added. The RSD was less than +5%
and the recovery was 97.4—103.5%, suggesting good accuracy
of this method.

Conclusions

Fluorescent IrNCs consisting of 2—7 Ir atoms were pre-
pared in DMF solution. The average size is about 0.9 +
0.2 nm and fluorescence lifetime is about 2.2 ns. These
novel IrNCs emit strong bluish green light and exhibit
excitation wavelength-dependent emission. Their quantum
yield is calculated to be 8.3% which is unsatisfactory and
need to be improved. The IrNCs show excellent solubility
in water, ethanol and DMF, and the fluorescence spectra
are different in different solvents depending on the solvent
polarity and local environment. Based on the static
quenching action of Cr(VI), the IrNCs can be used for
the determination of Cr(VI). The easy preparation and
attractive fluorescence of the IrNCs suggest a further ex-
ploration on this nanomaterial.

@ Springer
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