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Abstract: To fabricate N-CQDs hybrid thermo-sensitive polymer (poly-N-CQDs), N-doped carbon
quantum dots (N-CQDs) with strong blue fluorescence and poly(N-isopropylacrylamide-co-acrylic
acid) (poly(NIPAAm-co-AAc)) copolymer with thermo-sensitivity were synthesized, respectively.
Subsequently, the coupling reaction between. the -COOH groups of poly(NIPAAm-co-AAc) and the
-NH; groups on the surface of the N-CQDs was carried out. The fluorescence spectra show that
the coil-globule transition of the poly-N-CQDs coincided with intensity changes in the scattering
peak at excitation wavelength with the temperature variations. The phase transition temperature
and the fluorescent intensity of poly-N-CQDs can be regulated by modulating the composition and
concentration of poly-N-CQDs as well as the temperature and pH of the local medium. The thermo-
sensitivity and fluorescent properties of the poly-N-CQDs displayed good stability and reversibility.
The fluorescence intensity and emission wavelengths of the poly-N-CQDs significantly changed in
different solvents for solvent recognition. The poly-N-CQDs was employed as a fluorescent probe for
Fe®* detection ranging from 0.025 to 1 mM with a limit of detection (LOD) of 9.49 uM. The hybrid
polymer materials have the potential to develop an N-CQDs-based thermo-sensitive device or sensor.

Keywords: N-doped carbon quantum dots; thermo-sensitive polymer; phase transition temperature;
solvent recognition; ion detection

1. Introduction

Carbon quantum dots (CQDs), a type of zero-dimensional fluorescent nanomaterials
with a size of less than 10 nm, have drawn fantastic attention in the fields of bioimaging [1],
fluorescent inks [2], detection of ions and organics [3,4] and biosensors [5] due to their high
photostability, superior water solubility, excellent biocompatibility and easily functionalized
surface, which can influence excitation, emission and even the quantum yield [6,7]. In
recent years, different strategies were developed to improve the fluorescence quantum yield
of the CQDs to meet the diversified applications [8,9]. Among them, nitrogen doping or the
co-doping of nitrogen with other atoms (boron, phosphorus, sulfur, etc.) are considered to
be the most effective approaches to improving fluorescence efficiency [10,11]. Furthermore,
nitrogen doping for CQDs can provide rich reactive sites on the surfaces of the CQDs for
the chemical modification to broaden the potential applications [12,13].

Luminescent hybrid materials, fabricated via covalent conjugation of CQDs to poly-
mers or physical loading of CQDs into polymer matrices, have enriched the application
fields of CQDs, which simultaneously shows optical properties of the CQDs and the stimuli-
responsiveness and biocompatibility of polymer matrices [14,15]. Ji et al. [16] prepared a
high-strength self-healing poly(vinyl alcohol)-carbon nanodots (PVA-CNDs) hydrogel via
physical cross-linking of carbon nanodots and poly(vinyl alcohol); this hydrogel can be
used as a detector for Fe3* once the detection limit reached 10 M. Huang and cowork-
ers [17] introduced carbon nanodots (CDs) based on peach gum polysaccharide into a
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poly(NIPAAm) hydrogel network to fabricate a luminescent hydrogel. The luminescent
hydrogel changed from a highly transparent hydrogel with a strong blue emission under
ultraviolet (UV) light to an opaque hydrogel with a weak fluorescent emission when the
temperature increased from 20 °C (below lower critical solution temperature (LCST)) to
40 °C (above LCST). Liu et al. [18] synthesized fluorescent CNDs functionalized with gly-
cidyl methacrylate and further fabricated the luminescent hydrogel by copolymerizing
with oligo(ethylene glycol) methacrylate and polyethylene glycol diacrylate for sustained
release of the drug.

In this work, a novel hybrid polymer with thermo-sensitivity and photoluminescent
(PL) property was designed and fabricated. The N-CQDs were synthesized using citric
acid (CA) and ethylenediamine (EDA) via a facile one-pot hydrothermal carbonization
method, and the poly(N-isopropylacrylamide-co-acrylic acid) copolymers were prepared
via free radical copolymerization, respectively. The N-CQDs hybrid thermo-sensitive
polymer (poly-N-CQDs) was obtained via a coupling reaction between the -COOH groups
of poly(NIPAAm-co-AAc) and the -NH; groups on the surface of the N-CQDs. The thermo-
sensitivity and fluorescent properties of the as-prepared poly-N-CQDs was investigated at
different compositions and concentrations of poly-N-CQDs as well as temperature and pH
of the local medium. The poly-N-CQDs used as a fluorescent probe was investigated for
solvent recognition and Fe3* ion detection.

2. Experimental
2.1. Materials

Citric acid (CA, 99.5%), ethylenediamine (EDA, 98%), acrylic acid (AAc, 99%),
N-hydroxysuccinimide (NHS, 98%), 4-(dimethylamino) pyridine (DMAP, 99%) and
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 99%) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd., China. The N-isopropylacrylamide
(NIPAAm) (97%, Aldrich, St. Louis, MO, USA) was purified by recrystallization in hexane.
The acrylic acid (AAc) (AR, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)
was distilled under a vacuum just before use. The 2,2'-azoisobutyronitrile (AIBN) (AR,
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) underwent recrystallization in
methanol three times just before use. The THF (AR, Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) was treated with CaH,; for two days and distilled just before use. All
other chemicals were of analytical grade and used without further purification.

2.2. Synthesis of N-CQDs

The N-CQDs were prepared according to a previously reported hydrothermal method [19].
Briefly, 0.42 g of citric acid (CA) and 0.5 mL of ethylenediamine (EDA) were firstly dis-
solved in 80 mL of distilled water under stirring. Then, the solution was transferred into a
100-mL Teflon-lined stainless steel autoclave (Shanghai Qiangstrong Industrial Develop-
ment Co., Ltd., Shanghai, China) and held at 180 °C for 5 h in an oven. After the autoclave
naturally cooled to room temperature, the resulting transparent-yellow solution of N-CQDs
was purified using a 0.22-pm filter membrane and subjected to dialysis (MWCO = 1000 Da)
against distilled water for 12 h. The product was obtained by freeze-drying. Finally, the
N-CQDs solution with a concentration of 50 wt% was prepared and stored at 4 °C for
future use.

2.3. Synthesis of the Thermo-Sensitive Poly(NIPAAm-co-AAc) Copolymers

The poly(NIPAAm-co-AAc) copolymers were prepared according to the previously
reported method [20]. Two copolymers were synthesized by controlling the feed molar
ratio of NIPAAm to AAc ([NIPAAm]/[AAc] is 93:7 and 86:14, respectively). Typically, 12 g
of NIPAAm and 1.24 g of AAc, used as monomers with 0.15 g of AIBN as the initiator, were
dissolved in 150 mL of dry tetrahydrofuran (THF) in a 250-mL round-bottomed flask. The
solution was stirred using a magnetic stirrer (Shanghai Yuezhong Instrument Equipment
Co., Ltd., Shanghai, China) under a constant flow of argon for 30 min before polymerization.
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The reaction was carried out at 75 °C for 3 h. The crude product was precipitated in
an excess of anhydrous ethyl ether. To remove the residual unreacted monomers and
low-molecular-weight copolymer, the product was dissolved in cold distilled water and
precipitated by dropwise addition into distilled water of 60 °C; this process was repeated
three times. The final sample was obtained by freeze drying. The as-prepared copolymers
are coded as polyy (yield: 89%, GPC: My = 8900, M, /My = 1.78) and poly4 (yield: 87%,
GPC: My = 9300, My, /Mp = 1.89), respectively.

2.4. Preparation of N-CQDs Hybrid Thermo-Sensitive Copolymers (Poly-N-CQD:s)

The poly-N-CQDs was synthesized via the coupling reaction between the -COOH
groups of poly(NIPAAm-co-AAc) copolymer and the -NH; groups on the surface of the
N-CQDs, similar to the reported method [21]. Typically, 6 g of the above-mentioned poly14
was completely dissolved in 100 mL of distilled water in a 250-mL round-bottomed flask,
2.3 g of EDC was introduced into the solution, and the mixture was reacted for 3 h at room
temperature. Then, 1.5 g of NHS was added into the mixture, and the reaction continued
for 9 h at room temperature. Finally, 2.5 g of N-CQDs solution (50 wt%) and 1.2 g of DMAP
were added into the reaction mixture, and the mixture was reacted at room temperature for
another 24 h. The mixture was subjected to dialysis (MWCO = 3500 Da) against distilled
water for 7 days. The powder product was obtained by freeze-drying. The powder was
dissolved in cold distilled water and precipitated by dropwise addition into distilled water
of 60 °C; this process was repeated three times. The final sample was obtained by freeze
drying, and the sample was named as poly14-N-CQDs (yield: 82%). The poly7-N-CQDs
(yield: 80%) was prepared according to the same procedure.

2.5. Characterization
2.5.1. Fourier Transform Infrared Spectroscopy (FT IR)

FT IR spectra were measured by a Bruker Tensor 27 Fourier transform infrared spec-
troscopy (Bruker, Ettingen, German) in the 4000-400 cm ™! with a resolution of 4 cm~! and
a total of 16 scans on KBr pellets for the poly14, N-CQDs and poly;4-N-CQDs samples.

2.5.2. Gel Permeation Chromatography (GPC)

The molecular weight and its polydispersity (Mw /Mnp) of the polyy and poly;4 samples
were measured by gel permeation chromatography (GPC) (Agilent 1200, Agilent Technologies,
Santa Clara, CA, USA) in THF at room temperature using polystyrene as a standard.

2.5.3. Particle Size Distribution (PSD)

The particle size determinations of dilute aqueous solutions of the poly;4, poly7-N-
CQD and poly14-N-CQDs samples were analyzed using a Zetasizer Nano ZS ZEN3600
(Malvern Instruments Ltd., Worcestershire, UK) at 32 °C, 40 °C and 50 °C, respectively.
Each formulation was analyzed in triplicate.

2.5.4. Transmittance Measurement

The transmittance of the sample solutions was measured by a SHIMADZU UV-2550
spectrophotometer (Shimadzu, Kyoto, Japan) at 500 nm under different temperatures
in triplicate.

2.5.5. Transmission Electron Microscopy (TEM)

The morphology of the poly14-N-CQDs was obtained using a JEM-2100 transmission
electron microscope (JEOL, Tokyo, Japan).

2.5.6. Fluorescence Spectrum

Fluorescence spectra were recorded with an F-2500 fluorescence spectrophotometer
(Hitachi, Tokyo, Japan).

The digital photos were taken under a 365-nm UV light.
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3. Results and Discussion
3.1. The Structure and Morphology of N-CQDs, Poly(NIPAAm-co-AAc) and Poly-N-CQDs

The synthetic routes of the N-CQDs, poly(NIPAAm-co-AAc) and poly-N-CQDs are
shown in Scheme 1. Figure 1 exhibits the FT IR spectra of the N-CQDs, poly14 and poly;4-N-
CQDs. As seen from Figure 1, the FT IR spectrum of the as-fabricated N-CQDs shows broad
absorption bands appearing at 3420 cm~! and 3274 cm ™!, which could be attributed to the
stretching vibrations of O-H and N-H [22], respectively. The two characteristic bands of
amide I and amide II of the amide groups from the N-CQDs are observed at 1657 cm ™! cm
and 1562 cm !, respectively. The FT IR spectrum of the polyy4 displays broad absorption
bands at 3300-3500 cm !, which are ascribed to the stretching vibration peaks of N-H from
the -NH-CO- groups and O-H from the -COOH groups; the wide peak becomes weaker
after reacting with the N-CQDs. The characteristic band at 1730 cm ™! is the carbonyl
stretching peak of the -COOH groups, which almost disappears in the spectrum of the
poly14-N-CQDs due to the coupling reaction between the -COOH groups and the -NH,
groups. The two characteristic bands of amide I and amide II of the amide groups from the
polyy4 are observed at 1649 cm~! ecm and 1553 cm ™! [23], respectively, and the two peaks
become wider in the spectrum of the poly14-N-CQDs.

AIBN EDC  CH— CH.—
mCH,=CHCOOH + nCll, == (i — > A—CH~CH—CHy—CH ), ——— - CH=CH—CH—CHg,
THF
C
AAc ~ N /\/\ Y
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Poly(NIPAAm-co-AAc)
NH, NH
N7 N HO > NH, DMAP
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Scheme 1. Synthetic routes of N-CQDs, poly(NIPAAm-co-AAc) and poly-N-CQDs.
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Figure 1. FT IR spectra of N-CQDs, polyy4 and poly14-N-CQDs.
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The morphology of the poly;4-N-CQDs is observed by TEM (as shown in Figures 2 and S1).
It can be obviously observed that pristine N-CQDs exhibit an approximately spherical
morphology with particle sizes ranging from 4 to 7 nm. Furthermore, it displays a high
crystallinity with a lattice distance of approximately 0.32 nm, shown in the insert of
Figure 2, which is closed to the interlayer distance between the graphene layers (002
facet) [24]. The above-mentioned results show that N-CQDs are successfully grafted onto
the poly(NIPAAm-co-AAc) chains via the coupling reaction.

Figure 2. TEM images of poly14-N-CQDs (inset is high-resolution TEM image).

3.2. The Thermo-Sensitivity and Optical Properties of Poly-N-CQDs

The excitation and fluorescence emission spectra demonstrate that the poly;4-N-CQDs
displays maximum excitation and emission peaks at 380 nm and 451 nm, respectively.
Figure 3a—d present the fluorescence emission spectra of the poly;4-N-CQDs with a con-
centration of 0.5 wt% at 340 nm, 360 nm, 380 nm and 400 nm excitation wavelength from
15 to 50 °C. The emission peaks locate at 451 nm when the excitation wavelengths increase
from 340 to 380 nm at different temperatures, indicating an excitation- and temperature-
independent PL behavior, although the emission wavelength slightly red-shifts when the
excitation wavelength is at 400 nm. As the excitation wavelength increases, the fluorescence
emission intensity of the poly;4-N-CQDs first increases, followed by a decrease, and reaches
the maximum emission of the poly4-N-CQDs at an excitation wavelength of 380 nm.

PNIPAAm is well-known as a typical thermo-responsive polymer, which displays
a coil-globule transition at a lower critical solution temperature of around 32 °C [25,26].
Figure 3c clearly displays that fluorescence intensity gradually becomes weaker from a
highly transparent solution (40 °C, below LCST) to an opaque solution (50 °C, above LCST)
when the temperature increases from 15 °C (below LCST) to 50 °C (above LCST). At lower
temperature, the PNIPAAm chains become highly hydrated and exhibit a relative stretching
conformation due to the predominately intermolecular hydrogen bonding between the
PNIPAAm chains and the surrounding water molecules in the dilute aqueous solution,
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and the N-CQDs are uniformly dispersed and fully exposed in the homogeneous solu-
tion, which exhibits a maximum PL intensity at 15 °C. With the increase in temperature,
the stretched PNIPAAm chains appear shrunken into a coiling configuration due to the
break in intermolecular hydrogen bonding with water molecules and the formation of
intramolecular hydrogen bonding between the -NH- and C=0O groups in the PNIPAAm
chains, resulting in a weaker PL intensity of the N-CQDs. When the temperature is elevated
above LCST, the intramolecular hydrogen bonding between the -NH- and C=0O groups
results in a compact and collapsed conformation of PNIPAAm chains, the solution becomes
opaque and heterogeneous, and the N-CQDs are embedded in aggregated PNIPAAm
chains, resulting in an obvious decrease in PL intensity.

Figure 3e shows the fluorescence emission spectra of 0.5 wt% aqueous solution of
poly7-N-CQDs at a 380-nm excitation wavelength and different temperatures. As compared,
Figure S2a,b present the fluorescence emission spectra of the poly;4 and the mixture of the
polyi4 and N-CQDs at the same conditions. As seen from Figures 3a—e and S2a,b, a weak
scattering peak exists at the excitation wavelength whenever the excitation wavelength
changes, which is ascribed to Rayleigh scattering [27]. Below LCST, the dilute aqueous
solution of polyy4, the mixtures of poly14 and N-CQDs, poly7-N-CQDs and poly;4-N-CQDs
are all transparent, the PNIPAAm chains become hydrated and display a stretching or
coiling conformation, and the particle size of the N-CQDs is only in the range from 4 to
7 nm, which is far less than 1/10 of the excitation wavelength. With the increase in the
temperature, the samples display different coil-globule transition behaviors. The poly4
and the mixture of poly14 and N-CQDs suddenly changes from transparent solutions into
opaque solutions when the temperature increases from 30 °C (below LCST) to 32 °C (above
LCST); the poly7-N-CQDs also transforms from a transparent solution (35 °C, below LCST)
into an opaque solution (39 °C, above LCST) when the temperature increases, and the
poly14-N-CQDs turns from a transparent solution (40 °C, below LCST) into an opaque
solution (50 °C, above LCST) at the highest temperatures. It is interesting to notice that the
above-mentioned abrupt transitions of the solutions from transparent to opaque coincide
with the dramatic changes in the scattering peak intensity in response to the temperature
changes, implying that the sharp increase in the scattering peak intensity results from
the phase transition of the PNIPAAm chains in different samples. When the temperature
is above LCST, PNIPAAm chains become dehydrated and exhibit a shrunken globule
conformation [28], the solution becomes opaque and heterogeneous. The particle sizes of
the dilute aqueous solutions of different samples (above LCST) were measured, as depicted
in Figure 3g. The globule particle sizes range from 70 to 440 nm, 90 to 520 nm and 100
to 700 nm for polyy4, poly7-N-CQDs and poly14-N-CQDs, respectively. The particle sizes
are close to the excitation wavelengths, indicating a Mie scattering pattern [27,29]. The
intensity of the scattering peaks rises with the increase in globule sizes resulting from the
elevating temperature. Figure 3f shows the plot of the maximum scattering peak intensity
of different samples as a function of temperature. It is clearly observed that the poly;4-N-
CQDs displays the same phase transition behaviors at different excitation wavelengths. The
phase transition temperatures of the polyy4, poly7-N-CQDs and poly14-N-CQDs are around
32°C, 37 °C and 47 °C, respectively. To confirm the phase transition behaviors of the above-
mentioned samples, the transmittance of polyyy4, poly7-N-CQDs and poly14-N-CQDs with
a concentration of 0.5 wt% was measured at different temperatures, as shown in Figure S3.
The cloud points of the polyis, poly7-N-CQDs and poly4-N-CQDs are 31 °C, 36 °C and
47 °C, respectively. The results obtained from the fluorescence emission spectra are in
conformity with cloud points measured by UV-Vis spectro-photometer. The introduction
of N-CQDs as pendent groups onto the PNIPAAm chains can regulate the phase transition
temperature because the N-CQDs as pendant groups suppress the coil-globule transition
of the PNIPAAm chains.
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Figure 3. The fluorescence emission spectra of the poly;4-N-CQDs at different excitation wavelengths
(340 nm (a), 360 nm (b), 380 nm (c) and 400 nm (d)), and the poly7-N-CQDs at 380-nm excitation
wavelength at different temperatures (e); plot of the scattering peak intensity as a function of the
temperature (f), and the size distribution of dilute aqueous solutions of polyi4, poly7-N-CQDs and
poly14-N-CQDs at 32 °C, 40 °C and 50 °C, respectively (g).
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Furthermore, it is demonstrated that the changes in the scattering peak intensity and
the emission peak intensity response to temperature were reversible, as shown in Figure 4.
When the temperature was below LCST, the scattering peaks and the emission peaks shifted
rapidly back to their original positions from their positions at T > LCST. The excellent
reproducibility of the responses from poly-N-CQDs to temperature makes it possible to
develop an N-CQDs-based thermosensitive device or sensor. The mechanism of the PL
intensity to the thermal responsiveness is proposed as depicted in Scheme 2.

4000
8000 - —*—A,=380nm i
- —s—},,= 451 nm 3900
7000 [ 3200
6000 [ 3700
'3 5000 - - 3600 2
8 L ~
> 4000 -3500 &
8 3000 -3400 2
& i 3 —_
2000 3300
1000 3200
1 £ - 3100
0- 25°C 48 °C 25 °C 48 °C !
- - O @ 3000

1 2 3 4 5
Heating-cooling cycles

Figure 4. The scattering peak intensity (—®—) at 380 nm and the emission peak intensity (—s—) at
451 nm as a function of heating-cooling cycles between 25 °C and 48 °C.

_Higher Temp. % T>LCST
B\?——%\E\X Lower Temp. \ng T<LCST

Stretching chains Coiling chains Globule chains

Q N-CQDs

W PNIPAAm chain

Scheme 2. The mechanism of PL intensity variations of poly-N-CQDs to thermo-responsiveness.

T>LCST

| T<LCST

The fluorescence emission spectra of 0.1 wt% and 1 wt% of the poly;4-N-CQDs solu-
tions are also investigated, as shown in Figure 54, and the plot of the maximum scattering
peak intensity as a function of the temperature is presented in Figure 3f. The phase transi-
tion temperatures are about 52 °C, 47 °C and 43 °C when the poly4-N-CQDs concentrations
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are 0.1 wt%, 0.5 wt% and 1 wt%, respectively. With an increasing concentration of poly;4-N-
CQDs, its phase transition temperature decreases, and the FL emission intensity increases.

3.3. The Dependency of the Fluorescence Intensity on the pH

The stability of the poly;4-N-CQDs in the different pH conditions is also investigated
at 25 °C (as shown in Figure 5a. It is noteworthy that the as-prepared poly14-N-CQDs
shows strong stability in fluorescence activity with no damage in a wide range of pH
values from 3 to 10; even in a strongly acidic environment (pH 1-2), there is still enough
fluorescence intensity. The thermo-sensitivity and optical properties of the poly14-N-CQDs
with a 0.5 wt% aqueous solution at pH 2.0, pH 7.0 and pH 12.0 and different temperatures
are studied, as shown in Figure S5. Figure 5b exhibits the phase transition behaviors of
the poly14-N-CQDs solutions at pH 2.0, pH 7.0 and pH 12.0 and different temperatures.
As seen in Figure 5b, the phase transition temperatures at pH 2.0 and pH 7.0 are about
30 °C and 37 °C, respectively. The phase transition temperature at pH 2.0 is even lower
than that of pure polyy4, and the phase transition temperature at pH 7.0 is the same as
that of aqueous solution. However, no obvious phase transition occurs even when the
temperature reached 70 °C at pH 12.0, and the maximum emission peak also displays an
obvious red-shift. The phase transition behaviors and PL intensity variations are ascribed to
the protonation and deprotonation of the fluorescent functional groups on the surface of the
N-CQDs [30]. Zhou et al. [31] also reported the same trend of an increase in the PL intensity
of neat CQDs with a rise in the pH from 1.5 to 7. At a lower pH value, the carboxylic groups
on the surface of CQDs are protonated, and hydrogen bonding interactions between the
-COOH and -CO-NH- groups from the PNIPAAm chains might be conducive to the coiling-
globule transition at a lower temperature, resulting in a decrease in the phase transition
temperature [32]. With an increase in pH, the -COOH groups are deprotonated, whereby a
“protective shell” with a negative charge is gradually formed on the surface of the N-CQDs
with a lower non-radiative recombination rate [33]. Furthermore, the electrostatic repulsion
force restricts the coiling-globule transition, even leading to the disappearance of the phase
transition at a higher pH (pH 12.0). These results demonstrate that the pH of the solution
can not only affect the surface state of N-CQDs and alter the band edge resulting in different
optical properties [34], but also influence the coil-globule transition of PNIPAAm chains,
which adjusts the phase transition temperature of PNIPAAm chains.
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Figure 5. The effect of pH on the fluorescence intensity of poly;4-N-CQDs at 25 °C (a); the plot of
scattering peak intensity as a function of the temperature (b).

3.4. The Poly-N-CQDs in Different Solvents for Solvent Recognition
Although as-fabricated N-CQDs are easily dissolved in water, it is difficult to dis-
perse in some organic solvents. It is observed that the poly-N-CQDs could also readily
dissolve in many organic media, which broadens the practical applications of N-CQDs
in organic media. The fluorescent properties of the poly-N-CQDs in different solvents
are studied. Figure 6a shows the fluorescence spectra of the poly14-N-CQDs in N, N-
Dimethylformamide (DMF), THF, ethanol, acetone and water using 380 nm as the excitation
wavelength. The fluorescence emission peaks and the fluorescence intensity can signifi-
cantly change in different solvents. The emission peaks of the poly-N-CQDs in DMF, THF,
ethanol, acetone and water are 435 nm, 434 nm, 443 nm, 437 nm and 452 nm, respectively.
The emission peaks of the poly-N-CQDs in DMF, THF and acetone are similar, but they very
different from that of the poly14-N-CQDs in ethanol and water. The fluorescence intensity
is strongest in the THE, and then in the water, DMF, ethanol and acetone in sequences.
Several reasons can be considered: The first is that the solubility of the poly14-N-CQDs in
various solvents is different. The poly14-N-CQDs dissolves easily in THE, DMF and water,
and the polymer chains of the poly14-N-CQDs are fully extended. The solubility of the
poly14-N-CQDs becomes relatively weaker in the ethanol and acetone, and the polymer
chains become coiling and winding, resulting in a decrease in fluorescence intensity. The
second is that the -COOH, -NH; and -OH functional groups exist on the surface of the
N-CQDs, which could form the hydrogen bonding interactions with the -CO-NH- groups
of the polymer chains; the energy transfers between the N-CQDs and the polymer may
lead to fluorescence intensity changing [20]. The last reason is that the different surface
structure of N-CQDs imposed by different medium environments also causes their various
fluorescent properties [34]. The above-mentioned effects bring about variations in fluores-
cent properties. Various emission colors in different solvents are visible to the naked eye
under a 365-nm UV light (Figure 6¢c). The corresponding CIE coordinates (Figure 6d) are
(0.1585, 0.0935), (0.1558, 0.0808), (0.1568, 0.0811), (0.155, 0.1034) and (0.1526, 0.1324) for the
THEF, DMF, acetone, ethanol and water, respectively.
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Figure 6. The fluorescence emission spectra of poly14-N-CQDs in different solvents (a); photos
of poly14-N-CQDs in different solvents under visible light (b) and under UV light (c); the CIE
chromaticity diagram of polyj4-N-CQDs in different solvents (d).

3.5. The Poly-N-CQDs as Fluorescence Probe for Fe>* Ion Detection

N-CQDs have been vastly investigated and studied in the environmental and biomed-
ical fields due to their strong fluorescent properties and high photostability. Herein, the
poly-N-CQDs is applied as a fluorescence probe in the detection of Fe?* ions. For this
experiment, the sensitivity of the poly4-N-CQDs to various metal ion salts was investi-
gated, as shown in Figure 56. A change in the PL intensity (F/Fy) of the poly;4-N-CQDs
at 451 nm in the presence of different metal ions is exhibited in Figure 7a, where F and F
are the PL intensities at 451 nm in the presence and absence of metal ions, respectively.
A significant fluorescent quenching is observed when the concentration of Fe3* is 4 mM,
while the same concentration of other metal ions (Na*, Mg?*, K*, Ca?* and AI**) displays
no obvious changes. This result exhibits high selectivity of the as-prepared poly;4-N-CQDs
toward Fe3* as compared with other metal ions. To evaluate the sensitivity, different con-
centrations of Fe3* in the range of 0.025-4 mM are investigated. Figure 7b shows that the
fluorescence intensity at 451 nm decreases as the Fe3* concentration gradually increases,
indicating the ability of poly14-N-CQDs to sense a change in the Fe** concentration. The
fluorescence quenching data follows the Stern—Volmer equation [35]. The Stern—Volmer
plot in Figure 7c shows that an adequate linear fit with a correlation coefficient (R?) of 0.997
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between the PL intensity and the Fe3* concentrations in a wider range of 0.025-1 mM, as
compared to the other reported literature [36-38]. The limit of detection (LOD) of 9.49 uM
is calculated according to the International Union of Pure and Applied Chemistry 3o cri-
terion (DL = 35D/S, where SD is the standard error of the intercept, and S is the slope
of the calibration curve); it is slightly higher than the reported values of native CQDs in
the literature [36-38], implying that the possible mechanism of fluorescence quenching
may be attributed to the aggregation of the N-CQDs, since the PNIPAAm chains could
suppress the aggregation of the N-CQDs due to the structural nature of the poly-N-CQDs.
Nevertheless, as aforementioned, poly-N-CQDs simultaneously exhibits a tunable phase
transition temperature in PNIPAAm components and luminescent properties in N-CQDs.
These thermosensitive and luminescent hybrid nanomaterials have potential applications
as fluorescence sensors for the detection for ions or biomolecules; more importantly, they
could also be applied in extraction and purification of ions or biomolecules.
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Figure 7. Change in PL intensity at 451 nm of poly14-N-CQDs in different metal ions (a); ion
concentration-dependent PL intensity of poly14-N-CQDs in the presence of Fe>* (b); Stern—Volmer
plot of the quenching of fluorescence in poly;4-N-CQDs (c).
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4. Conclusions

Poly-N-CQDs with thermo-sensitivity and luminescent properties were successfully
synthesized. The phase transition behaviors and PL intensity can be modulated by altering
the composition and concentration of the poly-N-CQDs as well as the temperature and
pH of the aqueous medium. The different fluorescent properties of the poly-N-CQDs
in THF, DMF, acetone, ethanol and water can be employed as a fluorescence sensor for
solvent recognition. The selectivity and sensitivity of the poly-N-CQDs to Fe** ions can
be used as a fluorescence sensor for Fe** detection. These multifunctional hybrid polymer
nanomaterials have potential applications as an N-CQDs-based thermo-sensitive device
Or sensor.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym14101970/s1, Figure S1. TEM images of poly14-N-CQDs. Figure S2.
The fluorescence emission spectra of the polyl4 (a) and the mixture of poly14 and N-CQDs (b) at
380 nm excitation wavelength at different temperatures. Figure S3. The transmittance of different
samples with a concentration of 0.5 wt% as a function of the temperature. Figure S4. The fluorescence
emission spectra of 0.1 wt% (a) and 1 wt % (b) of poly14-N-CQDs solutions at 380 nm excitation
wavelength and different temperatures. Figure S5. The fluorescence emission spectra of poly-N-CQDs
at pH 2.0 (a), pH 7.0 (b) and pH 12.0 (c) at 380 nm excitation wavelength and different temperatures.
Figure S6. The fluorescence emission spectra of 0.1 wt% poly14-N-CQDs solution in the presence of
different metal ions (4 mM) at 380 nm excitation wavelength.

Author Contributions: Conceptualization, H.Z. and S.Z.; methodology, S.Z.; software, T.C.; validation,
T.C., HZ. and S.Z.; formal analysis, H.Z.; investigation, T.C.; resources, T.C.; data curation, T.C.;
writing—original draft preparation, T.C.; writing—review and editing, S.Z.; visualization, H.Z,;
supervision, H.Z.; project administration, S.Z.; funding acquisition, S.Z. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding. This work was supported by grants from the
National Natural Science Foundation (No 52003207).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no conflict of interests.

References

1.  Hola, K,; Zhang, Y.; Wang, Y.; Giannelis, E.P; Zboril, R.; Rogach, A.L. Carbon dots-Emerging light emitters for bioimaging, cancer
therapy and optoelectronics. Nano Today 2014, 9, 590-603. [CrossRef]

2. Atchudan, R;; Edison, T.; Aseer, K.R.; Perumal, S.; Karthik, N.; Lee, Y.R. Highly fluorescent nitrogen-doped carbon dots derived
from Phyllanthus acidus utilized as a fluorescent probe for label-free selective detection of Fe3* ions, live cell imaging and
fluorescent ink. Biosens. Bioelectron. 2018, 99, 303-311. [CrossRef] [PubMed]

3. Wang, C.; Wang, Y.; Shi, H.; Yan, Y,; Liu, E.; Hu, X,; Fan, ]J. A strong blue fluorescent nanoprobe for highly sensitive and selective
detection of mercury (II) based on sulfur doped carbon quantum dots. Mater. Chem. Phys. 2019, 232, 145-151. [CrossRef]

4. Ju,J;Zhang, R.; Chen, W. Photochemical deposition of surface-clean silver nanoparticles on nitrogen-doped graphene quantum
dots for sensitive colorimetric detection of glutathione. Sens. Actuators B Chem. 2016, 228, 66-73. [CrossRef]

5. Lim, S.Y.; Shen, W.; Gao, Z. Carbon quantum dots and their applications. Chem. Soc. Rev. 2015, 44, 362-381. [CrossRef] [PubMed]

6. Li, Y; Zhao, Y,; Cheng, H.; He, Y.; Shi, G.; Dai, L.; Qu, L. Nitrogen-doped graphene quantum dots with oxygen-rich functional
groups. J. Am. Chem. Soc. 2012, 134, 15-18. [CrossRef] [PubMed]

7. Wang, N.; Wang, Y.; Guo, T.; Yang, T.; Chen, M.; Wang, J. Green preparation of carbon dots with papaya as carbon source for
effective fluorescent sensing of Iron (III) and Escherichia coli. Biosens. Bioelectron. 2016, 85, 68-75. [CrossRef]

8. Fan, Z.T,; Li, Y.C; Li, X.H.; Fan, L.Z.; Zhou, S.X,; Fang, D.C.; Yang, S.H. Surrounding media sensitive photoluminescence of
Boron-doped graphene quantum dots for highly fluorescent dyed crystals, chemical sensing and bioimaging. Carbon 2014,
70, 149-156. [CrossRef]

9. Li, R.S; Yuan, B.F; Liu, ].H,; Liu, M.L.; Gao, PF; Li, Y.F; Li, M.; Huan, C.Z. Boron and nitrogen co-doped single-layered graphene
quantum dots: A high-affinity platform for visualizing the dynamic invasion of HIV DNA into living cells through fluorescence
resonance energy transfer. . Mater. Chem. B 2017, 5, 8719-8724. [CrossRef]

10. Ding, H.; Wei, ].S.; Xiong, H.M. Nitrogen and sulfur co-doped carbon dots with strong blue luminescence. Nanoscale 2014,

6, 13817-13823. [CrossRef]


https://www.mdpi.com/article/10.3390/polym14101970/s1
https://www.mdpi.com/article/10.3390/polym14101970/s1
http://doi.org/10.1016/j.nantod.2014.09.004
http://doi.org/10.1016/j.bios.2017.07.076
http://www.ncbi.nlm.nih.gov/pubmed/28780346
http://doi.org/10.1016/j.matchemphys.2019.04.071
http://doi.org/10.1016/j.snb.2016.01.007
http://doi.org/10.1039/C4CS00269E
http://www.ncbi.nlm.nih.gov/pubmed/25316556
http://doi.org/10.1021/ja206030c
http://www.ncbi.nlm.nih.gov/pubmed/22136359
http://doi.org/10.1016/j.bios.2016.04.089
http://doi.org/10.1016/j.carbon.2013.12.085
http://doi.org/10.1039/C7TB02356A
http://doi.org/10.1039/C4NR04267K

Polymers 2022, 14, 1970 14 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

Yang, PX,; Su, J.; Guo, RW.; Yao, FL.; Yuan, C.D. B,N-Co-doped graphene quantum dots as fluorescence sensor for detection of
Hg2+ and F~ ions. Anal. Methods 2019, 11, 1879-1883. [CrossRef]

Liu, Q.; Guo, B.; Rao, Z.; Zhang, B.H.; Gong, ].R. Strong two-photon-induced fluorescence from photostable, biocompatible
nitrogen-doped graphene quantum dots for cellular and deep-tissue imaging. Nano Lett. 2013, 13, 2436-2441. [CrossRef]
[PubMed]

Liu, W.; Cui, Y;; Li, T,; Diao, H.; Wei, S.; Li, L.; Chang, H.; Zhang, B.; Wei, W. Green and facile synthesis of highly photoluminescent
nitrogen-doped carbon dots for sensors and cell Imaging. Chem. Lett. 2018, 47, 421-424. [CrossRef]

Tavakoli, J.; Tang, Y.H. Hydrogel based sensors for biomedical applications: An updated review. Polymers 2017, 9, 364. [CrossRef]
[PubMed]

Hu, C.; Wang, M.X; Sun, L.; Yang, ].H.; Zrinyi, M.; Chen, Y.M. Dual-physical cross-linked tough and photoluminescent hydrogels
with good biocompatibility and antibacterial activity. Macromol. Rapid Commun. 2017, 38, 1600788. [CrossRef]

Shao, J.; Yu, Q.; Wang, S.; Hu, Y.; Guo, Z.; Kang, K.; Ji, X. Poly(vinyl alcohol)-carbon nanodots fluorescent hydrogel with superior
mechanical properties and sensitive to detection of iron (III) ions. Macromol. Mater. Eng. 2019, 304, 1900326. [CrossRef]

Zhou, L.; He, B.Z.; Huang, ].C. Amphibious fluorescent carbon dots: One-step green synthesis and application for light-emitting
polymer nanocomposites. Chem. Commun. 2013, 49, 8078-8080. [CrossRef]

Zhang, P; Li, W.C.; Zhai, X.Y,; Liu, C.J.; Dai, L.M.; Liu, W.G. A facile and versatile approach to biocompatible “fluorescent
polymers” from polymerizable carbon nanodots. Chem. Commun. 2012, 48, 10431-10433. [CrossRef]

Zuo, D.; Liang, N.; Xu, J.; Chen, D.; Zhang, H. UV protection from cotton fabrics finished with boron and nitrogen co-doped
carbon dots. Cellulose 2019, 26, 4205-4212. [CrossRef]

Wei, Z.; Ren, L.; Xiao, X.; Zhang, Q.; Huang, J.; Liu, R.; Zhao, S.; Xu, W. Biomimetic mineralization of nanoscale lanthanide
metal-organic frameworks with thermo-sensitive polymer as organic ligands for solvent recognition and water detection. J. Solid
State Chem. 2019, 277,594-601. [CrossRef]

Ganguly, S.; Das, P; Itzhaki, E.; Hadad, E.; Gedanken, A.; Margel, S. Microwave-synthesized polysaccharide-derived carbon dots
as therapeutic cargoes and toughening agents for elastomeric gels. ACS Appl. Mater. Interfaces 2020, 12, 51940-51951. [CrossRef]
[PubMed]

Yi, Z.; Gao, Z.; Zhang, W.; Wei, W.; Chang, ].; Jiang, K. Fluorescent carbon dots as nanoprobe for determination of lidocaine
hydrochloride. Sens. Actuators B: Chem. 2018, 262, 928-937.

Li, X.; Wu, W,; Liu, W. Synthesis and properties of thermo-responsive guar gum/poly(N-isopropylacrylamide) interpenetrating
polymer network hydrogels. Carbohydr. Polym. 2008, 71, 394-402. [CrossRef]

Dang, D.K,; Sundaram, C.; Ngo, Y.-L.T.; Chung, ].S.; Kim, E.J.; Hur, S.H. One pot solid-state synthesis of highly fluorescent N and
S co-doped carbon dots and its use as fluorescent probe for Ag* detection in aqueous solution. Sens. Actuators B Chem. 2018,
255, 3284-3291. [CrossRef]

Guilherme, M.R; Silva, R.; Girotto, E.M.; Rubira, A.F; Muniz, E.C. Hydrogels based on PAAm network with PNIPAAm
included: Hydrophilic-hydrophobic transition measured by the partition of Orange II and Methylene Blue in water. Polymer 2003,
44, 4213-4219. [CrossRef]

Jiang, YN.; Yang, X.D.; Ma, C.; Wang, C.X,; Li, H.; Yang, B. Photoluminescent smart hydrogels with reversible and linear
thermoresponses. Small 2010, 6, 2673-2677. [CrossRef]

Barth, H.G. Modern Methods of Particle Size Analysis; John Willey & Sons: New York, NY, USA, 1884; pp. 135-150.

Gao, J.; Wu, C. The “coil-to-globule” transition of poly(N-isopropylacrylamide) on the surface of a surfactant-free polystyrene
nanoparticle. Macromolecules 1997, 30, 6873—6876. [CrossRef]

Boxman, A. Particle Size Measurement for Control of Industrial Crystallizers. Ph.D. Thesis, Delft University of Technology, Delft,
The Netherlands, 1992; pp. 25-27.

Yi, Z; Li, X.; Zhang, H.; Ji, X.; Sun, W.; Yu, Y,; Liu, Y,; Huang, J.; Sarshar, Z.; Sain, M. High quantum yield photoluminescent
N-doped carbon dots for switch sensing and imaging. Talanta 2021, 222, 121663. [CrossRef]

Zhou, M.; Zhou, A.; Gong, A.; Zhang, Y.; Li, Q. Synthesis of highly photoluminescent carbon dots via citric acid and Tris for
iron(III) ions sensors and bioimaging. Talanta 2015, 143, 107-113. [CrossRef]

Zhao, S.P; Cao, M.J; Li, LY,; Xu, W.L. Synthesis and properties of biodegradable thermo- and pH-sensitive poly[(N-
isopropylacrylamide)-co-(methacrylic acid)] hydrogels. Polym. Degrad. Stab. 2010, 95, 719-724. [CrossRef]

Kong, W.; Wu, H.; Ye, Z,; Li, R.; Xu, T. Optical properties of pH-sensitive carbon-dots with different modifications. Luminescence
2014, 148, 238-242. [CrossRef]

Mohapatra, S.; Bera, M.K,; Das, R K. Rapid “turn-on” detection of atrazine using highly luminescent N-doped carbon quantum
dot. Sens. Actuators B Chem. 2018, 263, 459-468. [CrossRef]

Lu, WB,; Qin, X.Y,; Liu, S.; Chang, G.H.; Zhang, YW.; Luo, Y.L.; Asiri, A.M.; Alyoubi, A.O.; Sun, X.P. Economical, green synthesis
of fluorescent carbon nanoparticles and their use as probes for sensitive and selective detection of Mercury(Il) ions. Anal. Chem.
2012, 84, 5351-5357. [CrossRef] [PubMed]

Qu, K.;; Wang, J.; Ren, J.; Qu, X. Carbon dots prepared by hydrothermal treatment of dopamine as an effective fluorescent sensing
platform for the label-free detection of iron(IIl) ions and dopamine. Chem. Eur. |. 2013, 19, 7243-7249. [CrossRef] [PubMed]


http://doi.org/10.1039/C9AY00249A
http://doi.org/10.1021/nl400368v
http://www.ncbi.nlm.nih.gov/pubmed/23675758
http://doi.org/10.1246/cl.171155
http://doi.org/10.3390/polym9080364
http://www.ncbi.nlm.nih.gov/pubmed/30971040
http://doi.org/10.1002/marc.201600788
http://doi.org/10.1002/mame.201900326
http://doi.org/10.1039/c3cc43295e
http://doi.org/10.1039/c2cc35966a
http://doi.org/10.1007/s10570-019-02365-5
http://doi.org/10.1016/j.jssc.2019.07.010
http://doi.org/10.1021/acsami.0c14527
http://www.ncbi.nlm.nih.gov/pubmed/33156599
http://doi.org/10.1016/j.carbpol.2007.06.005
http://doi.org/10.1016/j.snb.2017.09.155
http://doi.org/10.1016/S0032-3861(03)00370-7
http://doi.org/10.1002/smll.201001151
http://doi.org/10.1021/ma9703517
http://doi.org/10.1016/j.talanta.2020.121663
http://doi.org/10.1016/j.talanta.2015.04.015
http://doi.org/10.1016/j.polymdegradstab.2010.02.027
http://doi.org/10.1016/j.jlumin.2013.12.007
http://doi.org/10.1016/j.snb.2018.02.155
http://doi.org/10.1021/ac3007939
http://www.ncbi.nlm.nih.gov/pubmed/22681704
http://doi.org/10.1002/chem.201300042
http://www.ncbi.nlm.nih.gov/pubmed/23576265

Polymers 2022, 14, 1970 15 of 15

37.  Guo, R; Zhou, S.; Li, Y,; Li, X.; Fan, L.; Voelcker, N.H. Rhodamine-functionalized graphene quantum dots for detection of Fe* in
cancer stem cells. ACS Appl. Mater. Interfaces 2015, 7, 23958-23966. [CrossRef]

38. Duan, L.; Wang, P; Ren, M.; Liao, F. Selective probes for ferric ion: A highly fluorescent nitrogen-doped carbon quantum dots.
Inorg. Chem. Commun. 2018, 96, 111-115. [CrossRef]


http://doi.org/10.1021/acsami.5b06523
http://doi.org/10.1016/j.inoche.2018.07.045

	Introduction 
	Experimental 
	Materials 
	Synthesis of N-CQDs 
	Synthesis of the Thermo-Sensitive Poly(NIPAAm-co-AAc) Copolymers 
	Preparation of N-CQDs Hybrid Thermo-Sensitive Copolymers (Poly-N-CQDs) 
	Characterization 
	Fourier Transform Infrared Spectroscopy (FT IR) 
	Gel Permeation Chromatography (GPC) 
	Particle Size Distribution (PSD) 
	Transmittance Measurement 
	Transmission Electron Microscopy (TEM) 
	Fluorescence Spectrum 


	Results and Discussion 
	The Structure and Morphology of N-CQDs, Poly(NIPAAm-co-AAc) and Poly-N-CQDs 
	The Thermo-Sensitivity and Optical Properties of Poly-N-CQDs 
	The Dependency of the Fluorescence Intensity on the pH 
	The Poly-N-CQDs in Different Solvents for Solvent Recognition 
	The Poly-N-CQDs as Fluorescence Probe for Fe3+ Ion Detection 

	Conclusions 
	References

