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ARTICLE INFO ABSTRACT

Editor: Dr. C. LingXin Facile synthesis of nano porous organic cages with small size and good fluorescence property is highly desirable,
but still challenging and scarce for their sensing applications. Here we report a rapid room-temperature
recrystallization method for the preparation of nano porous organic cages with ultra-small size as a fluores-
cent probe for copper ion. The prepared nano porous organic cages gave the diameter of 2.49 + 0.04 nm, and
exhibited stable emission at 535 nm with absolute quantum yield of 0.68%. On the basis of the coordination
interaction and charge transfer between the nano porous organic cages and copper ion, a simple fluorescent
probe for copper ion in aqueous solution was developed. The developed method gave a calibration function of
QE = 0.48151g[Cu2+] + 0.5847 (where QE is the quenching efficiency; [Cu2+] in pM) (R2 = 0.9987) in a con-
centration range of 0.1-2 uM, the limit of detection (3s) of 8 nM, and the relative standard deviation of 0.36% for
10 replicate determinations of 0.5 pM copper ion. The recoveries of spiked copper ion in tap water samples
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ranged from 96.8% to 103.0%. The proposed method possesses good sensitivity, selectivity and accuracy.

1. Introduction

Porous organic cages self-assembled from discrete imine-based
molecule, as a new kind of porous materials, have received great
attention recently (Tozawa et al., 2009; Holst et al., 2010; Mastalerz,
2018; Jones et al., 2011). Porous organic cages possess good chirality,
and are soluble in solvents, such as dichloromethane. Owing to the
window-to-window packing of cage molecules, porous organic cages
have intrinsic and extrinsic porosity. Thus, porous organic cages have
been applied in various fields (Bushell et al., 2013; Mitra et al., 2013;
Chen et al., 2014; Kewley et al., 2015; Sun et al., 2015; Zhang et al.,
2015, 2018; Hasell et al., 2016; Liu et al., 2016, 2019; Song et al., 2016;
Miklitz et al., 2017; Yang et al., 2018; Lu et al., 2019; Wang et al., 2019b;
Liang et al., 2020), such as gas adsorption and separation (Chen et al.,
2014; Hasell et al., 2016; Miklitz et al., 2017; Liang et al., 2020; Wang
et al., 2019b), chromatographic enantioseparation (Zhang et al., 2015;
Kewley et al., 2015; Zhang et al., 2018), nanoparticle protecting (Sun
et al., 2015; Yang et al., 2018; Lu et al., 2019) and hydrogen isotope
separation (Liu et al., 2019). Moreover, the fluorescence emission of

porous organic cages originating from benzene and imine fluorophore
provides great potential for fluorescent sensing application. However,
the application of porous organic cages in fluorescence sensing has not
been reported so far.

The time-consuming crystalline growing method of homochiral CC3
(a kind of porous organic cages synthesized via [4 + 6] condensation of
1,3,5-triformylbenzene and homochiral cyclohexane-1,2-diamine) led
to the formation of micrometer sized homochiral CC3 crystals, which is
against the sensing application of porous organic cages (Tozawa et al.,
2009). Racemic CC3 was also synthesized via homochiral CC3 solution
mixing (Hasell et al., 2012). Fine size control of racemic CC3 from 50 nm
to 1 um was achieved by varying the mixing rate and temperature. In
spite of no requirement of surfactants or templates, the preparation of
nano racemic CC3 needs slow mixing at low temperature, even at —
80 °C. Therefore, it is of high interest to develop a simple method to
fabricate nano porous organic cages for broad potential applications in
sensing.

Copper ion plays an important role in many fields, such as agricul-
ture, chemical industry, and metabolic process (Stern et al., 2007; Fan
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etal., 2017, 2018; Wu et al., 2020). However, excessive copper ions are
harmful for environment and biological system, which may lead to
vomiting, Alzheimer’s disease, and so on (Stern et al., 2007). Therefore,
it is vital to develop a simple and sensitive method for the monitoring of
copper ion in environmental water samples. Compared to traditional
methods, such as atom emission spectrometry and mass spectrometry,
inexpensive fluorescent sensing methods with high sensitivity and
selectivity have attracted broad attention (Prodi et al., 2000). Fluores-
cence small molecular probes usually show difficulties in their poor
water solubility for aqueous analysis (Sivaraman et al., 2018; Dai et al.,
2015). Thus, various fluorescence nano probes have been developed to
enhance the copper ion sensing efficiency in aqueous solution (Chen
et al., 2017, 2019; Chabok et al., 2019; Lan et al., 2019; Qing et al.,
2019; Yang et al., 2019; Zhang et al., 2019a, 2019b). For example,
polyethylenimine-derived polymer dots were reported recently as fluo-
rescence nano probe for copper ion and hypochlorite ion (Zhang et al.,
2019a). However, complicated design, tedious preparation and modi-
fication, and generally large size (hundreds nanometer) of these probes
are unfavorable for the fluorescence sensing of copper ion in aqueous
solution.

In this work, we report a rapid room-temperature recrystallization
method for the preparation of nano porous organic cages with ultra-
small size as a fluorescent probe for copper ion. The proposed simple
room-temperature recrystallization method gives the prepared nano
porous organic cages with the diameter of 2.49 + 0.04 nm as well as
good fluorescence property for sensing application. The prepared nano
porous organic cages show strong and selective affinity to copper ion,
and was applied as a fluorescent probe for sensing of copper ion in
aqueous solution with good sensitivity and selectivity.

2. Experimental section
2.1. Reagents

All reagents used are at least of analytical grade. 2,4,6-Triformyl-
phloroglucinol (TP) was bought from Yanshen Technology Co., Ltd.
(Jilin, China). (1R,2R)-cyclohexane-1,2-diamine (R,R-1,2-DACH),
NapHPOy4, NapSO4, NaHCOs3, NaAc, NaCl, KCI, CaCly, CdCly, CoCly,
CrCls, MgSO4, MnCly, NiSOy4, PbCly, ZnSO4, AlCls, FeCls, and ZrCl4 were
obtained from Aladdin Co., Ltd. (Shanghai, China). Sodium dieth-
yldithiocarbamate trihydrate (DDTC) was bought from Xianding
Biotechnology Co., Ltd. (Shanghai, China). Ethanol (EtOH) was pur-
chased from Concord Technology (Tianjin, China). Ultrapure water was
bought from Hangzhou Wahaha Group Co. (Hangzhou, China).

2.2. Instrumentation and characterization

Fourier transform infrared (FTIR) spectra in KBr were recorded on an
IRPrestige-21 spectrometer (Shimadzu, Japan). The transmission elec-
tron microscopy (TEM) image was collected on a Talos F200S trans-
mission electron microscope (FEI, USA) with an accelerating voltage of
200 kV. N adsorption-desorption experiments were performed on an
ASAP 2460 micropore physisorption analyzer (Micromeritics, USA) at
77 K. Hydrodynamic size and zeta potential were determined on a Nano-
7S Zetasizer (Malvern, UK). X-ray photoelectron spectroscopy (XPS)
analysis was conducted on an Escalab 250Xi spectrometer fitted with a
monochromated Al Ko X-ray source (hv = 1486.6 eV), hybrid (mag-
netic/electrostatic) optics, and a multichannel plate and delay line de-
tector (Thermo Fisher, UK). Mass spectra (MS) were acquired on a
SolariX-70FT-MS (Bruker Daltonics, Germany). 'H nuclear magnetic
resonance spectra (lH NMR) and 3¢ nuclear magnetic resonance
spectra (!3C NMR) were obtained on an Avance III HD 500 MHz spec-
trometer with tetramethyl silane (TMS) as an internal standard (Bruker,
Switzerland). The absorption spectra were recorded on a UV-2501P
spectrophotometer (Shimadzu, Japan). Fluorescence spectra were
measured on a PTI QuantaMaster 8000 spectrofluorometer (Horiba,
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Canada). Absolute quantum yield was determined on a FLS980 spec-
trofluorometer (Edinburgh, UK).

2.3. Synthesis of porous organic cages (TP-CC3-R)

TP-CC3-R was synthesized according to Zhang et al. (2020). 42 mg of
TP, 69 mg of R,R-1,2-DACH, and 200 pL of 1 M NaOH were dispersed in
5 mL of EtOH. The resulting mixture was then stirred at room temper-
ature overnight. After EtOH was removed via vacuum distillation, the
yellowish-brown powder of TP-CC3-R was obtained by washing with
H50, centrifugation (10,000 rpm, 15 min), and further vacuum drying
overnight. 'H NMR (DMSO-D6): & 9.7-11.8 (Ar-OH, 12H), 7.5-8.1
(HC™N, 12H), 3.0-3.3 (NCH, 12H), 2.1-1.6 (CH,, 48H) ppm. '3C NMR
(DMSO-D6): & 183.8 (HO—C in benzene ring, 12C), 155.5 (N"CH, 12 C),
106.0 (N"CH—C in benzene ring, 12C), 57.5 (N—CH, 12C), 34.8 and 25.2
(CH3 in cyclohexane group, 24C) ppm. MS ([M+H]): Accurate mass
calculated for C7oHgsN715012: 1309.641. Found: 1309.643 for TP-CC3-R.

2.4. Synthesis of nano porous organic cages (nano TP-CC3-R)

6 mL of 7.5 mg/mL TP-CC3-R EtOH solution was mixed with 12 mL
of HyO rapidly. Yellowish-white precipitation was observed after 1-min
recrystallization. The precipitation was collected by centrifugation
(6000 rpm, 5 min), and then redispersed in 40 mL of HyO. A small
number of large nanoparticles were removed by centrifugation (6000
rpm, 5 min). Finally, the resulting yellowish-white supernatant solution
containing 0.4 mg/mL of nano TP-CC3-R with ultra-small size was
obtained.

2.5. Procedures for the optimization of fluorescence detection of copper
ion

A certain amount of copper ion was added to 6 mL of 1 pg/mL nano
TP-CC3-R solution. Fluorescence spectra were recorded to evaluate the
effect of pH, incubation time, and copper ion concentration on fluores-
cence quenching. The quenching efficiency (QE) was calculated using
the following Eq. (1).

QFE = (Fo- F)/Fy (@)

where Fy and F; are the fluorescence intensities of the prepared nano TP-
CC3-R before and after the incubation with copper ion.

2.6. Collection, pretreatment, and analysis of water samples

Tap water samples were collected locally and diluted 2 times with
ultrapure water. After all samples were adjusted to pH 7.4 with 1 M
NaOH, 15 pL of 0.4 mg/mL nano TP-CC3-R was mixed with 6 mL of
sample solution. The fluorescence spectra were recorded after 3 h
incubation.

3. Results and discussion
3.1. Synthesis and characterization of nano TP-CC3-R

Scheme 1 shows the developed room-temperature recrystallization
method for the preparation of nano TP-CC3-R and the principle for
fluorescence detection of copper ion in aqueous solution. To obtain nano
TP-CC3-R, TP-CC3-R was first fabricated via stirring overnight at room
temperature. Then, the nano TP-CC3-R was prepared by recrystalliza-
tion in EtOH/H20 (1/2, V/V) at room temperature.

TP-CC3-R was characterized by 'H NMR, °C NMR and MS
(Figs. S1-S3). The results show the successful synthesis of TP-CC3-R via
the room temperature stirring method. The characteristic FTIR peaks of
CH,at 2933 and 2857 cm ™2, the peak of C"N at 1603 cm™ L, and the peak
of C=C at 1543 cm ™! for TP-CC3-R without recrystallization also indicate
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Scheme 1. Schematic illustration for the facile preparation of nano TP-CC3-R at room temperature and the mechanism for fluorescence sensing of copper ion in

aqueous solution.

the successful fabrication of TP-CC3-R (Fig. 1A). The presence of the
characteristic FTIR peaks of TP-CC3-R without recrystallization in nano
TP-CC3-R demonstrates no obvious change of the structure of TP-CC3-R
after recrystallization (Fig. 1A). The TEM image shows the nano TP-CC3-
R with an ultra-small size of 2.49 + 0.04 nm and a lattice spacing of
0.18 nm (Fig. 1B). The pore size of 1.69 nm shows the porosity of nano
TP-CC3-R while the Brunauer-Emmett-Teller surface area of 23.8 m%/g
indicates only intrinsic porosity but no formally connected pores in the
nano TP-CC3-R, which is similar to CC1 (a kind of porous organic cages
synthesized with ethylene diamine and 1,3,5-triformylbenzene)
(Figs. S4, S5) (Tozawa et al., 2009).

To obtain the ultra-small sized nano TP-CC3-R, the synthetic pa-
rameters was optimized. No yellowish-white precipitation was obtained
in EtOH/H0 (1/1, V/V). The hydrodynamic diameter increased as the
decrease of EtOH/H,0 (V/V) from 1/2 to 1/4 (Table S1). In addition, no
obvious difference of hydrodynamic diameter was observed when the
recrystallization time increased from 1 min to 5 min (Table S1). Thus,
EtOH/H,0 (1/2, V/V) and 1-min recrystallization were used to syn-
thesize nano TP-CC3-R. The recrystallization gave much smaller hy-
drodynamic diameter of nano TP-CC3-R (278.7 &+ 11.7 nm) than that of
the TP-CC3-R without recrystallization (735.3 &+ 23.0 nm), indicating
the significant effect of recrystallization on the size of nano TP-CC3-R
(Fig. 1C). The zeta potential of nano TP-CC3-R in pH 7.4 was
24.5 £+ 0.8 mV, which is close to that of TP-CC3-R without recrystalli-
zation (24.4 &+ 2.2 mV). Moreover, the zeta potential of nano TP-CC3-R
increased as pH decreased from 12 to 3 owing to the protonation of
nitrogen and oxygen atoms in nano TP-CC3-R (Fig. S6).

The absorption peaks of TP-CC3-R without recrystallization at 244,
287, 328, and 356 nm exhibited great difference from TP, indicating the
successful synthesis of TP-CC3-R via stirring overnight at room tem-
perature (Fig. 2A). The prepared nano TP-CC3-R gave the absorption
peaks at 245, 296, 336, and 360 nm (Fig. 2A). A slight red-shift of each
absorption peak was observed in comparison to the absorption of TP-
CC3-R without recrystallization because of J-type molecule assembly
during the recrystallization at room temperature (Vybornyi et al., 2013).

The TP-CC3-R without recrystallization gave an emission at 525 nm
with an apparent red-shift compared to the emission of TP at 508 nm

(Fig. S7). The apparent red-shift was caused by reabsorption due to the
aggregation of fluorophore in TP-CC3-R (Dai et al., 2015; Mizusawa
et al., 2010). After molecule assembly during the recrystallization, the
nano TP-CC3-R exhibited an emission at 535 nm under the excitation at
360 nm, also showing a red-shift in comparison to the emission of
TP-CC3-R without recrystallization due to the J-type assembly (Fig. 2B)
(Vybornyi et al., 2013). Confining to the reabsorption and J-type as-
sembly, the absolute quantum yield of the nano TP-CC3-R at pH 7.4 is
0.68%. The nano TP-CC3-R also shows good stability in the pH range of
7-12, revealing good pH stability of nano TP-CC3-R (Fig. 2C). But
because of the protonation of nitrogen and oxygen atoms in nano
TP-CC3-R, the fluorescence of nano TP-CC3-R decrease along with the
decrease of pH from 7 to 3 (Fig. 2C). Moreover, the prepared nano
TP-CC3-R possesses good long-term colloidal stability for at least 8 days
(Fig. 2D). The above results indicate the successful synthesis of nano
TP-CC3-R with ultra-small size, good fluorescence property and
stability.

3.2. Interaction between nano TP-CC3-R and copper ion

The nano TP-CC3-R incubated with copper ion was characterized by
FTIR. The unchanged characteristic peaks of nano TP-CC3-R at 2933,
2857, 1603, and 1543 cm ™! show no structural change of nano TP-CC3-
R after the incubation with copper ion (Fig. 1A). Besides, the appearance
of the peaks of Cu—O at 632 and 477 cm ™! reveals the formation of Cu-O
coordination bond between copper ion and the oxygen atom in nano TP-
CC3-R (Fig. 1A) (Nakamoto, 2009).

The XPS spectra of nano TP-CC3-R were also been recorded to
investigate the interaction between nano TP-CC3-R and copper ion. The
XPS peak of N 1s was still located at 399.7 eV after the incubation with
copper ion, indicating no formation of Cu-N coordination interaction
(Fig. S8). The deprotonated O 1s in nano TP-CC3-R incubated with
copper ion gave higher binding energy at 530.5 eV in comparison to that
in nano TP-CC3-R (530.4 eV) (Fig. 3A and B). Moreover, the relative
content of deprotonated oxygen atom increased after the incubation
(Fig. 3A and B). Both the higher binding energy and the increased
content indicate the charge transfer from deprotonated oxygen atom in
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Fig. 1. (A) FTIR spectra of TP-CC3-R without recrystallization (black), the as-prepared nano TP-CC3-R alone (blue) or incubated with copper ion (red). (B) TEM
image and lattice fringes (inset) of nano TP-CC3-R. (C) Hydrodynamic diameter of TP-CC3-R without recrystallization (black), the as-prepared nano TP-CC3-R alone
(red) or incubated with copper ion (blue). (D) TEM image and lattice fringes (inset) of nano TP-CC3-R incubated with copper ion. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

nano TP-CC3-R to copper ion after the formation of Cu—O bond (Wang
et al., 2019a; Yoshida, 1980). In addition, the decrease of the binding
energy and the relative content of protonated oxygen atom in nano
TP-CC3-R also shows the transformation of oxygen atom from proton-
ation to deprotonation after the incubation (Fig. 3A and B) (Wang et al.,
2019a; Yoshida, 1980). The XPS peaks of Cu 2ps,2 at 934.2 eV, Cu 2p; /2
at 954.0 eV, and the satellite shake-up peaks at 943.8 and 963.8 eV in
nano TP-CC3-R incubated with copper ion, also reveal the presence of
copper ion and the formation of Cu—O bond (Fig. S9) (Wang et al.,
2019a). In contrast, no XPS peak of copper ion was recorded before the
incubation with copper ion (Fig. S9).

After the interaction with copper ion, the diameter of nano TP-CC3-R
(2.51 4+ 0.08 nm) is comparable to that of nano TP-CC3-R before the
incubation (2.49 + 0.04 nm), showing no obvious influence of copper
ion to the diameter of nano TP-CC3-R (Fig. 1D). However, interaction
with copper ion made the lattice spacing of nano TP-CC3-R slightly in-
crease from 0.18 to 0.21 nm, revealing an amorphous transformation
due to the entry of copper ion in the interior of nano TP-CC3-R (Fig. 1B
cf. 1D). In addition, the average hydrodynamic diameter of nano TP-
CC3-R incubated with copper ion (267.8 + 9.1 nm) is almost the same
as nano TP-CC3-R (Fig. 1C). However, a wider size distribution of the
hydrodynamic diameter was observed due to the transformation of
partial nano TP-CC3-R to smaller or larger nanoparticles resulting from

the dissociation and reassembly of nano TP-CC3-R after the interaction
with copper ion (Fig. 1C). Furthermore, the zeta potential of nano TP-
CC3-R increased significantly with the concentration of copper ion
owing to the charge transfer from nano TP-CC3-R to the empty orbital of
copper ion, suggesting the coordination interaction between copper ion
and nano TP-CC3-R (Fig. 3C).

All the absorption peaks of nano TP-CC3-R increased and the ab-
sorption at 336 and 360 nm blue-shifted slightly with the increase of the
concentration of copper ion (Fig. 3D). Both the increase and blue-shift
were relevant to the increase of energy band gap of n—n* transition of
nano TP-CC3-R due to the charge transfer from nano TP-CC3-R to copper
ion (Nguyen and Scheschkewitz, 2005). The UV-vis spectra of TP-CC3-R
without recrystallization incubated with copper ion also verified the
increase and blue-shift of absorption caused by Cu—O coordination bond
(Fig. S10). The above results indicate the Cu—O coordination interaction
between the prepared nano TP-CC3-R and copper ion in aqueous
solution.

3.3. Fluorescence detection of copper ion

Because of the charge transfer from nano TP-CC3-R to the empty
orbital of copper ion after the formation of Cu—O coordination bond, the
non-radiative transition of excited electron increased while the energy
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Fig. 2. (A) UV-vis absorption spectra of TP (black), TP-CC3-R without recrystallization (red), and nano TP-CC3-R (blue). (B) Fluorescence excitation (black) and
emission (red) spectra of nano TP-CC3-R. (C) Effect of pH on the fluorescence intensity of nano TP-CC3-R before (black) and after (red) the incubation with copper
ion. (D) Long-term colloidal stability of nano TP-CC3-R. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

band gap of n—n* transition increased. As a result, the emission at
535 nm of the nano TP-CC3-R decreased gradually in conjugation with a
slight blue-shift, depending on the concentration of copper ion (Fig. 4A).
The fluorescence photos also indicate the decrease of the green fluo-
rescence of nano TP-CC3-R as the concentration of copper ion increased
(Fig. S11). The QE increased with the concentration of copper ion
(Fig. 4B). In addition, the QE gradually increased as incubation time
before 3 h incubation (Fig. S12). The obvious fluorescence quenching
offers the great potential of nano TP-CC3-R as a turn-off fluorescence
probe for the detection of copper ion in aqueous solution.

The effect of pH on the fluorescence of nano TP-CC3-R with 2 pM
copper ion in aqueous solution was tested. The fluorescence intensity
decreased and the QE increased notably as pH increased from 3 to 7
because of the increased coordination ability of deprotonated nano TP-
CC3-R to copper ion at higher pH (Figs. 2C and 4C). Besides, in spite of
the transformation of partial copper ion to copper hydroxide in the pH
range of 7-12, the fluorescence intensity and the QE remained almost
unchanged (Figs. 2C and 4C). The results indicate no obvious effect of
copper hydroxide formation on the strong coordination affinity of nano
TP-CC3-R to copper ion. In addition, the effect of pH on the adsorption
ability of nano TP-CC3-R to copper ion was also tested (Fig. S13). The
adsorption efficiency increased significantly as pH increased from 3 to 7,
convincing the increased coordination ability of deprotonated nano TP-
CC3-R to copper ion. The adsorption ability increased slightly as pH
increased from 7 to 12, which is coinciding to the almost constant

fluorescence QE. Thus, the following experiments were performed at pH
7.4 with highest QE.

We also examined the change of QE of nano TP-CC3-R with the
concentration of copper ion in aqueous solution. Considering the
sensitivity of detection, nano TP-CC3-R was incubated with copper ion
for 3 h to obtain the maximal QE. The QE linearly increased with the
denary logarithm of the copper ion concentration (Ig[Cu®*]) in a con-
centration range of 0.1-2pM, with a calibration function of
QE = 0.4815lg[Cu'] + 0.5847 ([Cu®*] in pM, R? = 0.9987) (Fig. 4B).
The limit of detection (3s) was 8 nM, which is comparable to or better
than those obtained by other fluorescence probes for copper ion in
aqueous solution (Table S2). The relative standard deviation for 10
replicate detections of 0.5 pM copper ion was 0.36%, showing good
precision of the proposed method for copper ion detection. Considering
the rapidity of detection, copper ion sensing based on nano TP-CC3-R
was also achieved with 5-min incubation. Much smaller QE was
observed than that of 3 h incubation. The QE linearly increased with 1g
[Cu®'] in a concentration range of 0.1-1000 uM, with a calibration
function of QE = 0.14201g[Cu®*] + 0.2128 ([Cu®"] in pM, R® = 0.9953)
(Fig. S14). Compared to 3 h incubation, the short incubation time led to
wider linear range but lower sensitivity.

To explore the effect of recrystallization on detection performance,
the TP-CC3-R before recrystallization was also applied to copper ion
sensing with 5-min incubation. The calibration function was
QE = 0.21101g[Cu®*] + 0.1095 ([Cu®] in pM, R%? =0.9858) in a
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concentration range of 0.1-10 pM (Fig. S15). The linear range was much
narrower and the correlation coefficient was worse than that of copper
ion sensing based on the prepared nano TP-CC3-R. Moreover, the TP-
CC3-R before recrystallization had strong precipitation tendency in

aqueous solution owing to its large hydrodynamic diameter
(735.3 +£23.0 nm), hindering the accurate determination of
fluorescence.

To evaluate the selectivity of the nano TP-CC3-R for the fluorescence
sensing of copper ion in aqueous solution, the effect of coexisting ions on
the QE of nano TP-CC3-R in the presence of 0.5 pM copper ion was
examined. For comparison, the QE in the presence of coexisting ions was
then normalized to that only in 0.5 pM copper ion. No obvious distur-
bance to the detection was observed, even in the presence of 10 times
higher concentration of HPO%, SO%, HCO3, Ac, CI, K, ca?*, cd?,
Co%*, cr*t, Mg?*, Hg?t, Mn?*, Ni%*, Pb%*, and Zn?* due to the weak
competition coordination ability of these ions for the Cu—O coordination
bond between nano TP-CC3-R and copper ion (Fig. 4D). Al>*, Fe**, and
Zr** have a little higher ability to quench fluorescence than the afore-
mentioned coexisting ions, but they at 0.5 pM level still exhibited no
obvious influence on the fluorescence of nano TP-CC3-R (Fig. S16). The
tolerance concentration of Al**, Fe3*, and Zr** was up to 0.5, 1, and
1 pM, respectively, which was enough for the copper ion detection in
domestic water sample (Fig. 4D) (WHO, 2006). Besides, nano TP-CC3-R
had much higher adsorption efficiency for Cu?* (57.3%) than Co**
(22.6%), Ni2t (17.5%), Zn** (1.9%), AP+ (24.9%), Fe3* (1.7%), and

Zr** (9.5%) (Table S3). The high adsorption efficiency for Cu?>" may
account for the high selectivity of nano TP-CC3-R for copper ion sensing.

To show the practical utility of the nano TP-CC3-R, we applied it to
detect copper ion in tap water samples. The recoveries of spiked copper
ion in these samples ranged from 96.8% to 103.0%, indicating no sig-
nificant interferences in the detection of copper ion in tap water samples
(Table 1). The concentrations of copper ion in tap water determined by
the proposed method are in good agreement with those measured by a
DDTC (copper reagent) spectrophotometric method (Table 1). The
above results reveal good selectivity, sensitivity, and accuracy of the
proposed method for the detection of copper ion in tap water samples.

4. Conclusion

In summary, we have reported a facile room-temperature recrystal-
lization method for fabricating ultra-small sized nano TP-CC3-R with
good fluorescence property and stability for sensitive and selective
sensing of copper ion in aqueous solution. On the basis of the coordi-
nation interacting between nano TP-CC3-R and copper ion, we have also
proposed a nano TP-CC3-R based fluorescence probe for copper ion and
successfully applied to the determination of copper ion in real water
samples with good selectivity, sensitivity, and accuracy, highlighting the
great potential of nano porous organic cages in sensing.
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Fig. 4. (A) Copper ion concentration dependent fluorescence spectra of nano TP-CC3-R ([nano TP-CC3-R], 1 pg/mL; pH, 7.4; incubation time, 3 h). (B) Plot of the QE
of nano TP-CC3-R as a function of the copper ion concentration ([nano TP-CC3-R], 1 pg/mL; pH, 7.4; incubation time, 3 h). (C) Effect of pH on the QE of nano TP-
CC3-R incubated with copper ion ([nano TP-CC3-R], 1 pg/mL; incubation time, 3 h). (D) Normalized QE for 0.5 pM Cu®" without or with various coexisting ions
(0.5 uM AI**, 1 uM Fe®*, 1 uM Zr**, 5 uM for others). ([nano TP-CC3-R], 1 pg/mL; pH, 7.4; incubation time, 3 h).

Table 1
Analytical results (Mean + s, n = 3) for the determination of Ccu?* in tap water
samples.

Samples Concentration determined (pM) Recovery
%)°
The developed DDTC spectrophotometric 0
method method
Tap water 0.731 + 0.003 0.746 + 0.002 99.0 £1.0
1
Tap water 0.700 + 0.009 0.716 + 0.002 96.8 + 0.5
2
Tap water 0.756 + 0.007 0.803 + 0.008 103.0 £ 0.7
3

2 spiked Cu®*, 1 pM.
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