Analytica Chimica Acta 1057 (2019) 88—97

journal homepage: www.elsevier.com/locate/aca

Contents lists available at ScienceDirect

Analytica Chimica Acta

Analytica
Chimica
Acta

Q-graphene-scaffolded covalent organic frameworks as fluorescent
probes and sorbents for the fluorimetry and removal of copper ions

)]

Check for
updates

Yuanyuan Cai, Yao Jiang, Lupmg Feng, Yue Hua, Huan Liu, Chuan Fan, Mengyuan Yin,

Shuai Li, Xiaoxia Lv, Hua Wang"

Institute of Medicine and Materials Applied Technologies, College of Chemistry and Chemical Engineering, Qufu Normal University, Qufu City, Shandong

Province, 273165, PR China

HIGHLIGHTS
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ions towards the ultrasensitive cop-
per analysis.

e The QG-scaffolded COF could serve as
powerful sorbents for the removal of
Cu®* ions in wastewater with high
efficiency.
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ABSTRACT

Metal-free fluorescent covalent organic frameworks (COFs) were synthesized initially with Q-Graphene
(QG) scaffolds by the one-step covalent reactions of melamine-aldehyde and phenol-aldehyde poly-
condensations using paraformaldehyde. It was discovered that onion-like hollow QG, which consists of
multi-layer graphene and different carbon allotropes having a high proportion of folded edges and
surface defects, could endow the scaffolded COFs with enhanced green fluorescence and environmental
stability. Unexpectedly, they could exhibit the powerful absorption for Cu>* ions resulting in the specific
quenching of fluorescence. A fluorimetric strategy with QG-scaffolded COFs was thereby developed to
probe Cu?* ions separately in blood and wastewater with the linear concentration ranges of 0.0010
—10.0 uM (limit of detection of 0.50 nM) and 0.0032—32.0 uM (limit of detection of 2.4 nM), respectively,
promising the potential applications for the field-applicable monitoring of Cu®* ions in the clinical and
environmental analysis fields. In addition, the prepared COFs sorbents were employed to absorb Cu®*
ions in wastewater showing high removal efficiency. More importantly, such an one-pot fabrication route
with hollow QG scaffolds may be tailorable extensively for the preparation of a variety of metal-free
multifunctional COFs with enhanced fluorescence, water solubility, environmental stability, and metal
removal capability.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

It is well established that copper (Cu) as a trace element plays a
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vital role in a variety of important physiological activities in human
body such as metabolism, growth, and immune system develop-
ment [1]. Clinical studies have shown that Cu®>* ions deficiency can
cause some serious diseases; however, too high concentrations of
this heavy metal in body fluids like blood can also have some
harmful effects. Additionally, the long-term exposure to high-level
Cu?* ions in environmental water like wastewater can bring about
cellular toxicity [2] and organ damage [3], although Cu®* ions
possess some important functions in nature such as the promotion
for the growth of plants [4]. Therefore, it is of practical interest to
valuate Cu levels in human fluids like blood and environmental
wastewater including the removal of Cu?* ions.

Up to date, many classic instrumental analysis methods have
been developed to probe Cu?* ions, most known as the atomic
absorption spectrometry [5], inductively coupled plasma mass
spectrometry [6], X-ray spectroscopy [7], and fluorimetric analysis
methods [8,9]. Among these techniques, the fluorescence (FL)
analysis method has preferentially applied for detecting the bio-
markers including some heavy metal cations like Cu®* ions [10].
Since the fluorimetric analysis performances are well recognized to
depend on the optical properties of fluorescent probes like quan-
tum yield and aqueous stability, various modern fluorescent ma-
terials have prepared for the fluorimetric applications, typically
including quantum dots [11] and organic dyes [12]. Yet, they may
encounter with some challenges such as low fluorescent intensity,
heavy metal toxicity, and environmental instability. Therefore,
developing some new fluorescent probes with high luminescence,
low toxicity, good stability, and especially high analyte-absorption
capacity is of great importance for the large-scale fluorimetric
applications.

Recent years have witnessed the rapid development of covalent
organic frameworks (COFs) materials with the diverse applications
for metal-free catalysis, adsorption, separation, sensors and
biotechnology [13]. The versatile materials are commonly synthe-
sized by joining the organic building units together through the
strong covalent bonds, with the porous skeletons and periodic
structures [14]. In contrast to the common crystalline solid mate-
rials, COFs materials are composed of only light elements showing
some outstanding advantages such as low toxicity, large surface
area, high stability, tunable pore structure, tailorable functionalities
(i.e., FL), and especially analyte adsorption capacity [15,16]. More-
over, many efforts have recently been devoted to the applications of
graphene or graphene oxides for energy storage, electrochemical
sensors, and fluorescent probes [17—24]. For example, Lin's group
employed graphene for the sensitive electroanalysis of glucose [18].
Wu et al. has proposed a graphene oxide-based FL analysis method
to probe Pb%* ions [23]. In particular, there has recently emerged
another hot graphene material of Q-graphene (QG), known as
carbon quantum dot or nano-onion, which is a kind of hollow
nanomaterial consisting of multi-layer graphene and different
types of carbon allotropes with a high proportion of folded edges
and surface defects to promise the sensing applications [25,26]. For
example, Banks and colleagues employed QG for the design of
electrochemical sensor with promoted electron transferring.

In the present work, metal-free fluorescent QG-scaffolded COFs
were synthesized for the first time by the one-step covalent re-
actions of melamine (MA)-aldehyde and phenol (Phen)-aldehyde
poly-condensation using paraformaldehyde (PA). Herein, MA as a
nitrogen-rich molecule can be readily coupled with PA by the
amine-aldehyde reaction to produce the metal-free polymers
serving as strong sorbent for some heavy metal ions especially Cu®*
ions [27]. Meantime, Phen, which is well known as a raw chemical
material widely applied for preparing functional resins, fungicides
[28], and drugs [29], can be bound with PA by the Phen-aldehyde
poly-condensation to yield the Phen-PA resin with luminescence

[30]. The two kinds of covalent reactions were thereby combined to
work with hollow QG to prepare the metal-free QG-scaffolded
COFs. To our surprise, the resulting COFs nanocomposites could
display enhanced green FL and environmental stability, in com-
parison with the ones without QG scaffolds. Moreover, they could
exhibit the powerful Cu?* absorption capacity together with the
specific FL quenching. A fluorimetric analysis method was thus
developed for probing Cu®* ions separately in blood and waste-
water, in addition to the efficient removal of Cu?* ions in waste-
water. Systematic studies were conducted on the sensing and
removal performances of the developed QG-scaffolded COFs for
Cu®* ions by using transmissions electron microscopy (TEM), FL
spectrophotometer, UV—vis spectrophotometer, and FL microscopy.
To the best of our knowledge, this is the first report on the QG
scaffolds-based synthesis of metal-free multifunctional metal-free
COFs by the one-step covalent reactions of amine-aldehyde and
phenol-aldehyde poly-condensations to serve as the robust sensing
probes and strong sorbents for the fluorimetry and removal of Cu?*
ions.

2. Experimental section
2.1. Reagents

Melamine (MA), paraformaldehyde (PA), phenol (Phen),
cysteine (Cys), Glycine (Gly) and human serum albumin (HSA) were
purchased from Sigma Aldrich (Beijing, China). Q-graphene (QG)
materials were purchased from Graphene Supermarket (Calverton,
United States). Blood samples were kindly provided by the local
hospital. Anhydrous CuSO4 and other inorganic salts were pur-
chased from Beijing Chemical Reagent Co., Ltd (Beijing, China). All
of the chemicals are of analytical grade. Glass containers were
cleaned separately by aqua regia and ultrapure water before usage.
Deionized water (>18 Mohm-cm) was supplied from an Ultra-pure
water system (Pall, USA).

2.2. Apparatus

The fluorescence (FL) measurements were conducted using FL
spectrophotometer (Horiba, FluoroMax-4, Japan) operated at an
excitation wavelength at 420 nm, with both excitation and emis-
sion slit widths of 5.0 nm. UV-3600 spectrophotometer (Shimadzu,
Japan) was used to measure the UV—vis spectra of the different
functional materials including those with Cu?* ions. Transmission
electron microscopy (TEM, JEM-2100PLUS, Japan) imaging oper-
ated at 100 kv was employed to characterize the morphological
structures of QG-scaffolded COFs before and after adding Cu* ions,
including the analysis of energy-dispersive X-ray spectroscopy
(EDX). Besides, the photographs of corresponding reaction products
were obtained under UV light at exciting wavelength of 365 nm.

2.3. Synthesis of QG-scaffolded COFs

QG powders were first dispersed into alcohol and further
screened by centrifuging, then dried in air. After that, an aliquot of
QG (4.0 mg) was dispersed ultrasonically in 10 mL water for 20 min.
Furthermore, an aliquot of MA (40.0 mg) was introduced into 30 mL
water to be heated under the magnetic stirring. After the comple-
tion of the dissolution of MA (40.0 mg), Phen (14.1 mg) and PA
(40.0 mg) were added in turn into the above solution, followed by
the continuous heating for 10 min. Subsequently, an aliquot of
above QG materials (0.40 mg mL~, 4.0 mL) was introduced into the
mixture, and then transferred into the 50-mL Teflon-lined auto-
clave to be heated for 15 hat 170 °C. After the mixture was cooled
down to room temperature, the products were centrifuged and
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washed with water for three times, and finally stored in refriger-
ator. In addition, the synthesis of COFs without QG was conducted
according to the procedure above, except for no addition of QG.

2.4. Fluorimetric analysis and removal tests for Cu®* ions using QG-
scaffolded COFs

The detection conditions of the fluorimetric assays for Cu®* ions
were optimized, including the QG-scaffolded COFs dosages (1.0, 2.0,
3.0, 4.0, 5.0, and 6.0 mg mL~1), pH values (1.0, 3.0 5.0, 7.0, 9.0, 11.0,
and 13.0), ionic strengths (0.0, 50, 100, 200, 300, and 400 mM NacCl),
and response time (1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 min). Moreover, the
control tests for different metal cations of 1.0 uM (Cu®*, Pb**+, Mg?™,
Hg?*, Zn®*, Fe**, Fe3*, Co?*, Cd?*, cr**, Ni*t, K+, Ca®*, and Na*
ions), and amino acids (Gly and Cys) (10.0uM) and HSA
(50.0 mg mL~!) were separately conducted. Herein, the quenching
efficiencies were calculated according to the following equation:
quenching efficiencies (percentages) = (Fp - F)/Fo X 100%, where Fy
and F refer to the FL intensities of the QG-scaffolded COFs in the
absence and presence of Cu?* ions, respectively.

Under the optimized conditions, the fluorimetric assays with
QG-scaffolded COFs were applied for probing Cu®" ions spiked
separately in blood or wastewater samples. An aliquot of QG-
scaffolded COFs (4.0mgmL~') was separately mixed with a
certain amount of Cu?* ions of different concentrations spiked in
blood (0.0010, 0.0050, 0.010, 0.050, 0.10, 0.50, 1.0, 5.0, and 10.0 uM).
The fluorimetric measurements were then performed by recording
the changes of FL intensities. In addition, the Cu®*-removal ex-
periments were performed using QG-scaffolded COFs of various
amounts for the adsorption of Cu®* ions with different levels in
wastewater samples, of which the changes of absorbance values of
Cu®* solutions were recorded to calculate the removal efficiencies
(percentages).

3. Results and discussion

3.1. Main synthesis procedure and Cu?*-sensing mechanism of QG-
scaffolded COFs

Scheme 1 schematically illustrates the main synthesis proced-
ure and sensing mechanism of metal-free fluorescent QG-
scaffolded COFs for the fluorimetric analysis and absorption of
Cu®* ions. Herein, MA with three amino groups can be coupled with
PA to yield the metal-free MA-PA composites through the amine-
aldehyde reactions [27,31]. Meanwhile, Phen can be bound with
PA to produce Phen-PA resin through the Phen-aldehyde poly-
condensation [32]. As manifested in Scheme 1A, the two kinds of
covalent reactions were initially combined to prepare COFs, but
showing a weak fluorescence (FL) and poor environmental stability.
Alternatively, hollow QG was introduced to act as the scaffolds for
COFs in the one-pot reactions (Scheme 1B). To our surprise, the
resulting metal-free COFs could display enhanced green FL,
aqueous solubility, and environmental stability, in contrast to the
ones without QG scaffolds above. What is more, they could exhibit
the powerful Cu®* absorption capacity, together with the specific
Cu?*-quenching FL. Herein, on the one hand, the Phen-PA resin of
QG-scaffolded COFs can enjoy an internal network of three-
dimensional crosslinks as described in Scheme 1A, which may
conduct the fast absorption kinetics for Cu** ions. Meantime, the
metal-free MA-PA composites composed in the QG-scaffolded COFs
might possess the large surface area and especially rich inherent
aminals (—NH—CH,—NH-) to perform the specific binding and
powerful absorption capacity for Cu?>* ions [33]. On the other hand,
hollow QG scaffolds consisting of numerous six-membered rings
can conduct the strong -7 stacking interactions with the benzene

rings of MA-PA composites and Phen-PA resin, thus endowing the
resulting QG-scaffolded COFs sorbents with greatly improved
environmental stability against any self quenching and light
bleaching. Remarkably, QG as onion-like hollow carbon nano-
spheres with multilayer graphene can possess a high ratio of folded
edges and surface defects so as to improve the luminescence of the
COFs (the detailed mechanism would be explored in future), which
can be quenched by Cu?* ions as schematically revealed in Scheme
1B. A highly selective and sensitive fluorometric analysis method
was thereby expected for probing Cu?* ions in blood or wastewater
samples, in addition to the efficient removal of Cu?* ions in
wastewater afterwards.

3.2. Main reaction conditions for the synthesis of QG-scaffolded
COFs

The main reaction conditions were optimized for preparing the
QG-scaffolded COFs to serve as the fluorescent probes and removal
sorbents for Cu?>* ions. As shown in Fig. 1A, the most suitable MA-
to-Phen ratio was found to be 15/1, at which the QG-scaffolded
COFs could be fabricated with the strongest FL. Fig. 1B describes
the effects of the QG amounts on the FL intensities of the resulting
COFs probes. Obviously, the brightest FL probes were achieved at
QG dosage of 0.40 mg mL~!. Moreover, the reaction time for the
synthesis of QG-scaffolded COFs was explored, indicating the
maximum FL at the reaction time of 15 h (Fig. 1C). Additionally, the
reaction temperature was optimized, showing the ideal one at
170°C (Fig. 1D).

3.3. Environmental stability of fluorescent QG-scaffolded COFs
probes

The environmental stability of QG-scaffolded COFs probes was
investigated under the harsh testing conditions in comparison with
pure COFs without QG. Fig. 2A exhibits the comparable results of
optical stability for QG-scaffolded COFs by exposure to the xenon
lamp over different time intervals. One can note that QG-scaffolded
COFs could display no significant change of FL intensities even over
different time intervals. Furthermore, QG-scaffolded COFs could
interestingly display no significant change of FL intensities even
exposed to the strong light up to 60 min (curve a), in contrast to
pure COFs showing an apparent decrease (curve b). The storage
stability of QG-scaffolded COFs in water was also studied compa-
rably (Fig. 2B). The data indicate that QG-scaffolded COFs could
basically maintain their FL intensities even stored for six months
(curve a). However, there is a great decay in the FL intensities for
pure COFs (curve b). Therefore, the developed QG-scaffolded COFs
probes can possess much improved environmental stability against
possible light bleaching and self-quenching in aqueous storage, due
to that hollow QG scaffolds should perform the strong -7 stacking
interactions with the benzene rings of MA-PA composites and
Phen-PA resin of the conjugated COFs probes showing the greatly
enhanced environmental stability.

3.4. The sensing performances of QG-scaffolded COFs for Cu®* ions

It is well recognized that QG nanomaterials are hollow carbon
nanospheres composing of multiple layers of graphene and high
folding edges and surface defects, which has been demonstrated to
ensure the rapid electron transfer kinetics [27]. Herein, QG was
employed alternatively as the scaffolds for the fluorescent COFs
that would be polymerized in the one-pot hydrothermal reactions
to yield the fluorescent QG-scaffolded COFs. Fig. 3A shows the
comparison of FL intensities between QG-scaffolded COFs and pure
COFs the absence and presence of Cu?* ions. As can be seen from



Y. Cai et al. / Analytica Chimica Acta 1057 (2019) 88—97 91

A
OH NH,
N)\N
° ﬁ
+ n + )\ )\
H,N N
Phen PA MA
B

@@ riecnrava . @ @
e —>

170°C, 15 h .

QG QG-scaffolded COFs Cu*" binding Cu’" removal

Scheme 1. Schematic illustration of (A) the covalent polymerization reaction among Phen, PA, and MA to yield COFs. (B) The fabrication and procedure of metal-free QG-scaffolded
COFs by the COFs covalent reaction system with QG scaffolds, yielding the products with bright green fluorescence that could be quenched by Cu?* ions and for the Cu?* removal.

iy 2 10
= A ' M| S B —f—1}
-] <
E 081 S 0.8
\oc \Dc
- -
w 0.6 w 0.61
z z
2 04 2 0.41 i
~ 1
= paf = 0.2
a3 Do
= =2
0.0 +——————r—————————— 0.04— ’ . . . .
2/1 6/1 101 14/1 18/1 01 02 03 04 05 06
0 MA : Phen Molar Ratios QG (mg mL'l)
| 1.0
= |c Lt 3 {p —~—i
G 2
~ 0.8 % 308
= °
[—]
~ 0.64 § PP
._/ » U.01
z J/ z
Z 0.4 -
e u S 044
g / 5 /
: 024 = — .
= d 0.2 —
3 6 9 12 15 18 21 30 60 90 120 150 180 210 240
Reaction Time (h) Temperature (°C)
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covalent polymerization reaction temperature.
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Fig. 3. (A) Fluorescence spectra and (B) UV—vis spectra of QG-scaffolded COFs in the (a) absence and (b) presence of Cu®* ions, in comparison with COFs(c) without and (d) with
Cu®* ions (insert: the photographs of corresponding product solutions under UV or white light).

Fig. 3A, both of QG-scaffolded COFs and pure COFs could have the
emission spectra peaking at 512 nm. However, the FL intensity of
QG-scaffolded COFs (curve a) is about 1.5-time higher than that of
pure COFs (curve c), as visually observed from their photographs
(Fig. 3A, insert). Accordingly, the introduction of QG scaffolds could
dramatically enhance the FL of COFs by forming QG-scaffolded
COFs, in contrast to the common graphene materials that gener-
ally act as the FL quenchers [22,23]. More importantly, QG-
scaffolded COFs (curve b) could obtain much greater Cu?*-
induced FL quenching than pure COFs (curve d). Herein, it is
interesting to speculate that the FL enhancement of COFs coatings
might be attributed to the high ratios of folded edges and surface
defects of QG scaffolds, although the detailed reasons have not yet
been clear. Furthermore, a comparison of UV—vis spectra was
performed between QG-scaffolded COFs and pure COFs in the
presence and absence of Cu®* ions (Fig. 3B). It was found that QG-
scaffolded COFs (curve a) and pure COFs (curve c) might have the
same UV absorption peak at 325nm. Interestingly, they could
display no obvious peaks of UV—vis absorption in presence of Cu®*
ions (curve b and d). Also, there is no apparent colour change in all
of the testing solutions under the visible light, as directly revealed
by their photographs (Fig. 3B, insert). Yet, both QG-scaffolded COFs
and pure COFs might be structurally changed after the Cu®* che-
lation resulting in the agglomerations as evidenced in the TEM
images below.

The changing morphological structures of QG-scaffolded COFs
before and after adding Cu?* ions were characterized by TEM im-
aging, taking pure COFs for the comparison (Fig. 4). One could see
from Fig. 4A that QG could display the onion-like hollow profiles
with varying sizes of about 20—30 nm in diameter. Moreover, pure
COFs were formed as small nanoparticles with the average size of
about 2.0 nm in diameter (Fig. 4B). When COFs were coated onto
QG scaffolds, the resulting QG-scaffolded COFs could have the well-
defined spheric nanostructures with the average size of about
30.0 nm in diameter (Fig. 4C). As expected, the QG-scaffolded COFs
could desirably display the spheric nanostructures. However, after
the addition of Cu?* ions, QG-scaffolded COFs would be largely
agglomerated (Fig. 4D). The change of their topological structures
could be clearly witnessed in the corresponding high-resolution
images of amplified particles (Fig. 4E and F). Also, EDX analysis
was performed for the COFs with and without Cu?* ions, con-
firming the changing chemical compositions so expected (Fig. 4G
and H). Herein, Cu®>* ions might specifically chelate with the
inherent aminals (—NH—CH;—NH—) of MA-PA composites in QG-
scaffolded COFs [33], as schematically described in Scheme 1B,
thus leading to the agglomeration of the COFs. Additionally, the
Phen-PA resin of QG-scaffolded COFs with three-dimensional
crosslinking networks might also help to absorb Cu?* ions to
trigger the fast agglomeration of the COFs probes towards the FL
quenching as aforementioned.
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3.5. Selective sensing and absorption tests of QG-scaffolded COFs for
Cu?* ions

The sensing selectivity of fluorometric responses of QG-
scaffolded COFs to Cu®" ions was systematically explored by
comparing to some other metal cations and amino acids (i.e., Cys
and Gly) and HSA (Fig. 5A). It was found that only Cu®* ions could
trigger the large FL quenching of QG-scaffolded COFs, as apparently
witnessed in the corresponding photographs (Fig. 5A, insert).
Accordingly, QG-scaffolded COFs could serve as the robust fluo-
rescent probes for the selective Cu** detections. As aforemen-
tioned, herein, the Cu®>*-caused FL quenching of QG-scaffolded
COFs is ascribed to the inherent aminals (—NH—CH,—NH-) of

MA-PA composites in QG-scaffolded COFs that could specifically
chelate with Cu®* ions [33], thus resulting in the agglomeration
toward the FL quenching of the COFs probes.

The absorption capacity of QG-scaffolded COFs for Cu?* ions was
investigated with the results shown in Fig. 5B. One can note that
QG-scaffolded COFs could conduct the rapid absorption of Cu®*
ions, which could be completed within about 40 s, as comparably
visualized in the photographs of the testing solutions (Fig. 5B,
insert). Moreover, the other conditions for Cu?>* adsorption were
optimized (Fig. 6). As shown in Fig. 6A, the amounts of QG-
scaffolded COFs could exert the apparent effects on the effi-
ciencies of Cu** removals, showing the maximum one obtained at
9.0 mg mL~! COFs (Fig. 6A). In addition, the biggest Cu**-removal
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percentage of QG-scaffolded COFs could be achieved at pH 5.0
(Fig. 6B). Importantly, the COFs sorbents could exhibit considerably
high absorption efficiency for Cu?* ions, i.e., more than 85%
removal, depending on the COFs dosages used and Cu®>* amounts in
samples.

3.6. Main fluorimetric conditions for Cu?* ions with QG-scaffolded
COFs

The main detection conditions of the developed fluorimetric
method for Cu?* ions were optimized (Fig. 7). One can see from
Fig. 7 that the amounts of QG-scaffolded COFs could exert the large
effects on the FL quenching efficiencies when sensing Cu®* ions,
showing the maximum one obtained at 4.0 mg mL~! COFs (Fig. 7A).
Also, the FL responses of QG-scaffolded COFs to Cu?* ions under
different pH conditions were studied, with the data shown in
Fig. 7B. Obviously, the optimal pH value for the Cu®* sensing should
be at pH 7.0. Furthermore, Fig. 7C shows the effects of ionic
strengths on the Cu®>* responses of QG-scaffolded COFs. Accord-
ingly, there is no significant effect on the Cu?* responses for the
testing media even with NaCl concentrations up to 400 mM,

indicating that the electrostatic interaction might hardly influence
on the chelating of QG-scaffolded COFs with Cu?" ions. In addition,
the response time of QG-scaffolded COFs for Cu?* ions was exam-
ined by comparing to pure COFs (Fig. 7D). It was noted that the
addition of Cu?t ions could trigger the FL intensities of QG-
scaffolded COFs to drop sharply, which would tend to be stable
within 2 min. Yet, QG-scaffolded COFs could present a little of faster
Cu?* response than pure COFs (Fig. 7D, insert).

3.7. QG-scaffolded COFs-based fluorimetric analysis and removal of
Cu?* ions

Under the optimized conditions, the QG-scaffolded COFs-based
fluorimetry was directly applied to detect Cu®* ions of different
concentrations spiked in blood (Fig. 8). As shown in Fig. 8A,
increasing Cu?* concentrations could induce the rationally de-
creases in the FL intensities of QG-scaffolded COFs. Fig. 8B shows
the calibration curve of FL quenching efficiencies versus the loga-
rithms of Cu?* concentrations linearly ranging from 0.0010 to
10.0 M (R? = 0.9987), with the limit of detection of about 0.50 nM,
estimated by the 3¢ rule.
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Moreover, the application feasibility of the developed fluori-
metric method was investigated for probing Cu?* ions with various
levels spiked in wastewater samples (Fig. 9). It can be seen from
Fig. 9A that the FL intensities of QG-scaffolded COFs could decrease
as increasing Cu®* concentrations. A relationship between the FL
quenching efficiencies and the logarithms of Cu®* concentrations
was thus obtained (Fig. 9B). Accordingly, Cu®* ions in wastewater
could be detected over the linear concentration range of
0.0032—32.0 uM (R? = 0.9894), with the limit of detection of about
2.4 nM. Therefore, the developed fluorimetry with QG-scaffolded
COFs could directly detect Cu®* ions in blood or wastewater sam-
ples with considerably high analysis sensitivities.

4. Conclusions

In summary, metal-free QG-scaffolded COFs were successfully
synthesized for the first time by the one-step covalent reactions of
amine-aldehyde and phenol-aldehyde poly-condensations. It was
discovered that hollow QG, which consists of multi-layer graphene
and different carbon allotropes having a high proportion of folded
edges and surface defects, could endow the scaffoldsed COFs with
enhanced FL. Meantime, they could bring the QG-scaffolded COFs
with greatly improved environmental stability against any light
bleaching and self-quenching in aqueous storage, due to the strong
T-7 stacking interactions between the hexatomic rings-containing



96 Y. Cai et al. / Analytica Chimica Acta 1057 (2019) 88—97

=
>

0.0032 pM

.
o

(Cu”|

<
=
s
N’
-
)
= 0.64
"
z
7 045
|
o)
=
= 024
>

0.0

450 500 550 600
Wavelength (nm)

;\? 80 1 B
: y=20.87x + 54.17
< 601 2_
= R"=0.9894
o)
2
&: 401
=
=
Q
§ of=
S
3 -2 -1 0 1 2
Log [Cu™] (nM)

Fig. 9. (A) FL spectra of QG-scaffolded COFs responding to Cu?* ions of different concentrations separately spiked in wastewater and (B) the calibration curves of the FL quenching

efficiencies versus the logarithmic concentrations of Cu?*ions.

QG scaffolds and the benzene rings-containing COFs. Moreover, the
metal-free MA-PA composites composed in the COFs could possess
large surface area and especially rich inherent aminals (—NH—&
CH,—NH-), so that the QG-scaffolded COFs could display the spe-
cific binding and powerful absorption capacity for Cu®* ions.
Furthermore, the Phen-PA resin of the as-prepared COFs with
three-dimensional crosslinking networks might display the fast
absorption of Cu?* ions so as to trigger the agglomeration of the
COFs probes towards the specific FL quenching. The so developed
fluorometry with QG-scaffolded COFs probes could allow for the
detection of Cu* ions separately spiked in blood and wastewater
samples, with the Cu?* ions levels down to 0.50 nM and 2.4 nM,
respectively. In addition, the yielded QG-scaffolded COFs sorbents
could allow for the removal of Cu?* ions in wastewater with pretty
high efficiency. More importantly, this hollow QG scaffolds-
mediated synthesis route may pave the way toward the fabrica-
tion of different kinds of multifunctional metal-free metal-free
COFs to be tailored for the applications in biomedical sensing,
environmental monitoring, metal removal, organic catalysis, and
separation fields.
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