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Abstract: Carbon dots (CDs), a class of carbon-based fluorescent nanomaterials, have garnered
significant attention due to their tunable optical properties and functional versatility. In this study,
we developed a hybrid material by grafting pH- and temperature-responsive copolymers onto CDs
via reversible addition-fragmentation chain-transfer (RAFT) polymerization. Triaminotetrastyrene
(ATPE) and N-isopropylacrylamide (NIPAM) were copolymerized at varying ratios and covalently
linked to CDs, forming a dual-responsive system. Structural characterization using FTIR, 'H NMR,
and TEM was confirmed successful grafting of the copolymers onto CDs. The hybrid material
exhibited pH-dependent fluorescence changes in acidic aqueous solutions, with emission shifting
from 450 nm (attributed to CDs) to 500 nm (aggregation-induced emission, AIE, from ATPE) above
a critical pH threshold. Solid films of the hybrid material demonstrated reversible fluorescence
quenching under HCl vapor and recovery/enhancement under NHs vapor, showing excellent
fatigue resistance over multiple cycles. Temperature responsiveness was attributed to the
thermosensitive poly(NIPAM) segments, with fluorescence intensity increasing above 35 °C due to
polymer chain collapse and ATPE aggregation. This work provides a strategy for designing
multifunctional hybrid materials with potential applications in recyclable optical pH/temperature
Sensors.

Keywords: carbon dots; fluorescence; RAFT polymerization; hybrid material; surface grafting

1. Introduction

Carbon dots (CDs), a class of carbon-based nanomaterials, exhibit unique advantages such as
biocompatibility [1], cost-effectiveness [2], tunable surface chemistry [3], enabling applications in
bioimaging [4], photodynamic therapy [5], and catalysis [6]. Despite these merits, their broader
implementation in sensing technologies is constrained by moderate quantum yields and processing
limitations [7,8]. The abundant hydroxyl/carboxyl surface groups on CDs facilitate functionalization
strategies [9-12]. Through reversible addition-fragmentation chain transfer (RAFT) polymerization,
we previously demonstrated the grafting of homopolymers/copolymers onto CDs to enhance
processability and expand functionality [13-18]. The discovery of aggregation-induced emission
(AIE) by Tang et al. (2001) revolutionized luminescent material design [19]. Tetraphenylethylene
(TPE) derivatives have since emerged as superior AIE fluorophores due to their synthetic accessibility
and photophysical properties [20-24]. Unlike conventional fluorophores prone to aggregation-
caused quenching, TPE derivatives exhibit suppressed emission in solution but intense luminescence
upon aggregation, attributed to restricted intramolecular rotation that minimizes non-radiative decay
[19]. Despite these advantages, TPE’s hydrophobicity limits its aqueous applications. Strategic
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integration with water-soluble polymers or small molecules-particularly through amino-
functionalization (-NH:) enables pH-responsive fluorescence behavior for sensing applications [25].
Concurrently, poly(N-isopropylacrylamide) (PNIPAM), a thermoresponsive polymer with a lower
critical solution temperature (LCST) of 30-34 °C [26], undergoes reversible hydrophilic-to-
hydrophobic transitions, making it ideal for stimuli-responsive systems [27,28].

Building upon these foundational developments, we engineered a stimuli-responsive hybrid
material through controlled copolymerization of Triaminotetrastyrene (ATPE) and N-
isopropylacrylamide (NIPAM) at optimized molar ratios, followed by covalent grafting onto CDs
surfaces. The resulting composite demonstrates pH-responsive aqueous dispersibility and
thermoresponsive fluorescence switching. Under acidic conditions (pH < pKa), protonation of ATPE
stabilizes materials dispersion through electrostatic repulsion, effectively suppressing the AIE effect.
Conversely, at elevated pH (pH > pKa), deprotonation induces ATPE aggregation via hydrophobic
interactions, leading to progressively enhanced AIE-driven fluorescence at 500 nm.

Concurrently, the hybrid material exhibits temperature-dependent behavior governed by the
LCST transition of PNIPAM (32 °C). Above the LCST, PNIPAM chains undergo a hydrophilic-to-
hydrophobic transition, promoting intermolecular association of ATPE units and activating AIE
fluorescence. Below the LCST, polymer chain rehydration disassembles the aggregates, quenching
the AIE effect. Remarkably, both pH- and temperature-triggered transitions demonstrate full
reversibility over multiple cycles, as evidenced by dynamic light scattering (DLS) and fluorescence
spectroscopy. This dual-stimuli responsiveness-combining pH-modulated dispersibility and
temperature-controlled AIE activation-establishes the hybrid material as a promising candidate for
sensing applications requiring environmental adaptability and signal reversibility.

2. Experimental

2.1. Materials

Sodium ethylenediaminetetraacetate dihydrate (EDTA), S-1-dodecyl-S’-(a,a’-dimethyl-a’’-
acetic acid) trithiocarbonate (DATC), 4-dimethylaminopyridine (DMAP), azobisisobutyronitrile
(AIBN) and N,N’-dicyclohexylcarbodiimide (DCC) were purchased from Sigma-Aldrich (Shanghai)
Trading Co.Ltd and used as received. ATPE and NIPAM were obtained from Hunan Weijia New
Materials Co., Ltd. Dichloromethane (CH2Cl2), acryloyl chloride, triethylamine and tetrahydrofuran
(THF) were provided by Aladdin Reagent (Shanghai) Co., Ltd. Distilled water was used in the
experiment. All reagents and solvents were purchased as reagent grade and purified or dried by
standard methods before use.

2.2. Preparation of the Hybrid Materials

2.2.1. Synthesis of CDs

CDs were synthesized via a bottom-up hydrothermal method following a previously reported
procedure [15-17]. Briefly, 5.0 g of EDTA and 30 mL of deionized water were placed in a high-
pressure reactor, which was then sealed and heated in an oven at 220 °C for 48 h. After cooling to
room temperature, the reaction mixture was filtered, and the filtrate was concentrated by rotary
evaporation to yield a yellow gel-like product. The product was dissolved in anhydrous ethanol,
stirred, and filtered to remove insoluble residues. This dissolution-filtration-evaporation cycle was
repeated three times to obtain pure yellow CDs powder for further use.

2.2.2. Grafting of Chain Transfer Agents (CDs-DATC)

The grafting protocol was implemented as previously described [15-17]. In a centrifuge tube, 1
g of CDs, 400 mg of DCC, 200 mg of DMAP, and 100 mg of DATC were vacuum-dried at 60 °C for 24
h to remove moisture. The mixture was then dissolved in CH2Cl> and stirred for 7 days at room
temperature under light-shielding conditions (DCC as a dehydrating agent and DMAP as a catalyst).
After removing CH2Cl2 by rotary evaporation at 60 °C, the product was dissolved in ethanol, filtered
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to remove impurities, and concentrated again. The crude product was further purified by dialysis
(MWCO: 500 Da) in absolute ethanol for 3 days (with solvent replacement every 8 h). Finally, the
yellow CDs-DATC solution was rotary-evaporated to dryness, weighed, and stored for subsequent
use.

2.2.3. Synthesis of Acrylamido ATPE (Acr-ATPE)

The synthesis route is shown in Scheme 1. In a 250 mL round-bottom flask, 100 mg of ATPE was
dissolved in CH2Cl2 and stirred in an ice bath for 10 min. Then, 7.1 uL of acryloyl chloride and 12.2
uL of triethylamine were added dropwise via syringe, and the reaction was stirred at room
temperature under light-shielding conditions for 4 h. After filtration and solvent removal by rotary
evaporation, the product was washed three times with deionized water and vacuum-dried at 60 °C
to yield a dark green solid (Acr-ATPE).
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Scheme 1. Synthetic route of Acr-ATPE.

2.2.4. Preparation of CDs Grafted with Triaminotetraphenylethylene/N-isopropylacrylamide
Copolymers (CDs-PNAT)

Briefly, 10 mg of CDs-DATC, 0.1 mg of AIBN, 50 mg of NIPAM, and varying weight ratios of
Acr-ATPE were dispersed in THF in a single-necked flask. The mixture was transferred to a custom
ampoule, degassed via freeze-pump-thaw cycles (6 x under nitrogen), and flame-sealed under
vacuum. Polymerization was carried out at 70 °C for 24 h. The resulting product was precipitated in
petroleum ether, refrigerated, and centrifuged. The collected solid was redissolved in THF and
reprecipitated three times, then vacuum-dried to obtain CDs-PNAT1-4 (denoting different Acr-ATPE
ratios, see Table S1).

2.3. Characterizations

TH NMR spectra were recorded on a Bruker AM-400S spectrometer (400 MHz). Fourier-
transform infrared (FTIR) spectra were acquired using a Bruker Tensor 27 spectrophotometer (KBr
pellet method). Fluorescence spectra were measured on a Hitachi F-4500 spectrometer (10 mm quartz
cuvette, 90 ° detection geometry). TEM imaging was performed on a JEOL JEM-2010 microscope.
Dynamic light scattering (DLS) was conducted on a Malvern Zetasizer Nano ZS90.

3. Results and discussion
3.1. Structure Characterizations of the Hybrid Materials

3.1.1. FTIR spectroscopy and '"H NMR spectrum

The chemical structural evolution of hybrid materials was systematically characterized using
FTIR spectroscopy. As illustrated in Figure 51, CDs exhibited a broad absorption band at 3500-3250
cm!, characteristic of O-H stretching vibrations. In contrast, CDs-DATC displayed distinct
absorption features in the 2960-2850 cm-' region, corresponding to aliphatic C-H stretching
vibrations of saturated hydrocarbons. The emergence of a diagnostic band at 1053 cm-!, attributable
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to C=S bond stretching, confirmed successful covalent grafting of DATC moieties onto the CDs
surface.

For CDs-PNAT hybrid materials, two prominent absorption bands were observed in the N-H
stretching region (at 3350-3200 cm), consistent with primary amine functionalities. A well-defined
peak at 3066 cm! arose from aromatic C—H stretching vibrations, while the absorption at 1462 cm!
corresponded to benzene ring skeletal vibrations. Notably, a strong absorption band at 1654 cm~' was
assigned to amide carbonyl (C=0O) stretching in the -CONH- linkage. Furthermore, the presence of
isopropyl groups was evidenced by two symmetric absorption bands at 1350 cm-, arising from C-H
bending vibrations.

Complementary 'H NMR analysis (Figure S2) of CDs-PNAT in deuterated chloroform (CDCls)
provided additional structural validation. Resonances below 6 = 2 ppm were assigned to aliphatic
protons (—CHs, -CHz-, and —-CH-) within the N-isopropylacrylamide segments. The amide protons
(-CONH-) manifested as a multiplet spanning 6 = 4.08-4.17 ppm. Diagnostic aromatic proton
resonances for benzoxazine-bound ArH appeared as three distinct peaks at 6 = 5.91, 5.98, and 6.21
ppm, while the primary amine (-NHz) resonance emerged at 6 =5.34 ppm. Collectively, these spectral
features confirm the successful covalent conjugation of ATPE/NIPAM copolymers onto the CDs
surfaces through well-defined chemical linkages.

3.1.2. Morphologies of CDs-PNAT

By observing the characteristic micro-morphology and combining the results of FTIR and 'H
NMR spectroscopy, we could further verify whether the copolymers of ATPE and NIPAM were
successfully incorporated into the chemical structure of the CDs surfaces. As a key method for
investigating morphological transitions in materials, TEM provided detailed imaging of their
structural features.

Figure 1 illustrates the morphological differences between CDs and CDs-PNATs. The CDs
exhibited a uniform size distribution, averaging around 2 nm. In contrast, CDs-PNATs showed a size
range of approximately 20-30 nm, with relatively homogeneous dispersion and no significant
agglomeration. The notable increase in particle size compared to bare CDs suggests that copolymers
grafting led to an expansion of the CDs’ surface. These findings further confirm the successful
grafting of copolymer chains onto the CDs’ surface.

Figure 1. TEM morphologies for the materials ((a): CDs-PNAT; (b): CDs).
3.2. Fluorescence Performances

3.2.1. Characterization of Fluorescence Performances

As evidenced by the fluorescence spectra in Figure 2, CDs-PNAT1 and CDs-PNAT?2 dispersed
in aqueous solution (pH = 4.8) exhibited excitation-dependent bathochromic shifts in their emission
maxima, whereas CDs-PNAT3 and CDs-PNAT4 maintained stable emission profiles centered at 500
nm across varying excitation wavelengths. This divergence correlates with the structural
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characteristics of the hybrids: the ATPE moieties within CDs-PNATs undergo AIE under acidic
conditions [29,30]. As shown in Figure S3, the complementary data indicate that the pristine CDs
exhibit characteristic excitation-wavelength-dependent red shifts, with a maximum emission at 450
nm under 360 nm excitation, which is consistent with the conventional fluorescence behavior of
carbon dots.
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Figure 2. The fluorescence emission spectrum of the materials dissolved in an aqueous solution with
a pH of 4.8 at different excitation wavelengths (a): CDs-PNAT1; (b): CDs-PNAT?2; (c): CDs-PNATS3;
(d): CDs-PNAT4.

The distinct photophysical responses stem from structural variations in surface-grafted
polymers. As illustrated in Figure 3, CDs-PNAT1 and CDs-PNAT?2, bearing lower phenylamino
group densities, adopt extended polymer chain conformations in acidic media (Figure 3a). This
extended state facilitates near-complete protonation of phenylamino residues, suppressing ATPE
aggregation and thereby minimizing AIE contributions. Consequently, their emission profiles
predominantly reflect intrinsic CD fluorescence. In contrast, CDs-PNAT3 and CDs-PNAT4 with
higher phenylamino densities exhibit restricted chain extension due to steric and electrostatic
repulsions, leading to partial protonation and subsequent ATPE aggregation (see Figure 3b). This
structural reorganization triggers pronounced AIE effects, dominating the emission spectra and
obscuring the underlying CDs fluorescence through intensity amplification.
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Figure 3. The schematic picture of the polymer chain conformations of the CDs-PNATSs dispersed in
an aqueous solution with a pH of 4.8 (a): CDs-PNAT1 and CDs-PNAT?2; (b): CDs-PNAT3 and CDs-
PNAT4.

To decouple AIE contributions from intrinsic CDs emission, comparative studies were
conducted in THF, a solvent inhibiting ATPE aggregation. Figure S4 reveals that all CDs-PNAT
hybrid materials in THF exhibit excitation-dependent emission shifts analogous to pristine CDs, with
no AlE-related stabilization at 500 nm. This solvent-dependent contrast conclusively attributes the
500 nm emission band observed in acidic aqueous media to AlE-active ATPE aggregates rather than
CD-based fluorescence.

3.2.2. pH-Responsive Fluorescence Behavior

The protonation of exposed phenylamino moieties on ATPE groups within CDs-PNATSs
significantly modulates their hydrophilicity, as evidenced by pH-dependent fluorescence spectral
shifts. Figure 4 demonstrates the evolution of fluorescence profiles across varying pH conditions. For
CDs-PNAT1 (see Figure 4a), emission maxima remained stable at 450 nm below pH = 5.23, with
minimal intensity fluctuations (< 10% RSD), indicative of unperturbed CD-dominated fluorescence.
This observation aligns with the extended polymer chain conformations under acidic conditions that
suppress the AIE effect of ATPE .
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Figure 4. The fluorescence emission spectrum of the materials dissolved in an aqueous solution at the
different pH (a): CDs-PNATI; (b): CDs-PNAT2; (c): CDs-PNATS3; (d): CDs-PNAT4.

Above the critical pH threshold (pH > 5.23), a bathochromic shift to 500 nm occurred,
accompanied by 3.2-fold intensity enhancement, confirming AIE dominance. CDs-PNAT2 exhibited
analogous behavior (see Figure 4b) with a lower transition pH (at 4.98), attributable to reduced
phenylamino density enabling earlier deprotonation-induced aggregation. In contrast, CDs-PNAT3
and CDs-PNAT4 (see Figure 4c-d) displayed higher transition pH values (at 4.22 and 4.11


https://doi.org/10.20944/preprints202505.0324.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2025

respectively), consistent with their elevated phenylamino content requiring stronger acidity for
complete protonation.

Figure 5 schematically illustrates the pH-dependent aggregation mechanism. Below critical pH
thresholds, full protonation of phenylamino groups generates electrostatic repulsion forces,
maintaining ATPE moieties in disaggregated states. Under these conditions, fluorescence originates
solely from discrete CDs (Aem = 450 nm). Exceeding the threshold pH initiates progressive
deprotonation, reducing surface charge and enabling ATPE aggregation through hydrophobic
interactions, thereby activating AIE (Aem= 500 nm).
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Figure 5. The schematic picture of the morphological variations of CDs-PNAT at the different pH.

Notably, CDs-PNAT?2 exhibited linear fluorescence quenching (R? = 0.994) within pH = 4.7-7.3
(see Figure 6a), described by:

| =123pH + 3800

where I represents fluorescence intensity at 500 nm. Cyclic tests (see Figure 6b) revealed > 95% signal
recovery over 4 cycles, demonstrating exceptional reversibility for reusable pH sensing applications.

Solid films exhibited stimuli-responsive behavior upon HCI/NHs vapor exposure (see Figure
S5). CDs-PNAT1/2 films showed dual emission at 475 nm (CDs) and 500 nm (weak AIE), with
intensity modulation ratios of about 2 upon acid/base cycling. The attenuated AIE contribution
correlates with low ATPE content. Conversely, CDs-PNAT3/4 films displayed pure AIE emission at
500 nm, achieving enhanced intensity upon NHs exposure due to deprotonation-induced
aggregation. CDs-PNATS3 films demonstrated optimal responsiveness sustaining 95% initial intensity
after 4 fumigation cycles (see Figure 7), suggesting that the CDs-PNAT3 solid film exhibited a distinct
response to the pH vapor. Hence, we contend that the CDs-PNATS3 solid film could function as a
rather sensitive and recyclable pH vapor sensor.
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Figure 6. (a): The linear relationship plot of the fluorescence emission intensity of CDs-PNAT2 and
the pH values; (b): the cycle point graph of the fluorescence emission intensity corresponding to the
pH values.
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Figure 7. (a): The fluorescence emission diagram of the CDs-PNAT3 solid film under the cyclic
fumigation of the pH and NHs vapor; (b): its corresponding cyclic point diagram of fluorescence
emission intensity.

3.2.3. Fluorescence Responsiveness to Temperatures

The copolymer-grafted CDs incorporate both pH-responsive ATPE units and thermosensitive
poly(NIPAM) segments. This dual-functional design enables the CDs-PNATSs hybrid materials to
exhibit fluorescence responsiveness to both pH and temperature variations.

We systematically investigated the temperature-dependent fluorescence behavior of CDs-
PNATs in acidic aqueous solutions (pH = 4.11) through programmed heating/cooling cycles (25-60
°C). As shown in Figure 8, CDs-PNAT1 and CDs-PNAT2 exhibited emission peaks at 450 nm within
25-35 °C during heating. A distinct bathochromic shift to 500 nm occurred upon exceeding 40 °C,
with complete reversibility (450 nm recovery) upon cooling to 25 °C (see Figure S6). Similarly, CDs-
PNAT3 and CDs-PNAT4 displayed analogous spectral shifts but with lower transition thresholds (at
30 °C during heating), confirming universal temperature responsiveness across all CDs-PNATs.
These observations demonstrate that ATPE units exhibit AIE when temperatures surpass the LCST,
regardless of heating/cooling direction.
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Figure 8. The fluorescence emission spectrum of CDs-PNATs in the acidic aqueous solutions at the
different temperatures during heating (a): CDs-PNAT1; (b): CDs-PNAT2; (c): CDs-PNATS3; (d): CDs-
PNAT4.

The AIE mechanism was further elucidated by monitoring hydrodynamic diameter variations
(see Figure 9). CDs-PNAT4 maintained stable nanoparticles (about 30 nm) during initial heating (25—
35 °C), as shown in Figure 9a, upon reaching the LCST (32 °C), the diameter abruptly decreased to 15
nm at 35 °C due to PNIPAM chain collapse, followed by a dramatic increase to 300 nm at 40 °C
through hydrophobic-driven supramolecular assembly. Remarkably, the original particle size (30
nm) was fully restored upon cooling to 25 °C, demonstrating exceptional reversibility (see Figure 9b).

This thermoresponsive behavior originates from PNIPAM’s conformational transitions. When
the temperature is below the LCST, the hydrated polymer chains maintain extended conformations
that effectively suppress ATPE aggregation through steric stabilization [31,32]. As the temperature
rises above the LCST, the hydrophobic chain collapse exposes ATPE moieties, triggering the
formation of AlE-active aggregates characterized by strong emission at 500 nm. At elevated
temperatures exceeding 40 °C, enhanced interparticle interactions promote the formation of large-
scale aggregates while simultaneously intensifying the AIE effects through strengthened molecular
packing and restricted intramolecular motions [33-35]. During cooling, hydrophilic chain
rehydration dissociates ATPE aggregates, restoring the initial 450 nm emission. DLS-confirmed size
recovery validates the system’s thermodynamic reversibility, with complete fluorescence and
structural reset achieved within each thermal cycle.
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Figure 9. The average particle size of CDs-PNAT4 dissolved in an aqueous solution with a pH of 4.11
at (a): the heating process; (b): the cooling process.

4. Conclusions

The copolymers of ATPE and NIPAM were successfully grafted onto the surface of CDs,
resulting in the formation of hybrid CDs-PNATs materials. These CDs-PNATs demonstrated dual
fluorescence responsiveness to pH and temperature variations. Notably, a distinct pH threshold
governed their fluorescence behavior: when the pH was below this threshold, the fluorescence
emission peak at 450 nm originated from the CDs, whereas above the threshold, a redshifted emission
peak at 500 nm emerged due to the AIE effect of ATPE. The threshold pH value decreased with
increasing ATPE content, which correlated directly with the elevated number of phenylamino groups
on ATPE. Cyclic fumigation tests with pH/NHs vapor revealed that the CDs-PNAT3 solid film
exhibited high sensitivity and recyclability as a dual-mode sensor. Furthermore, the fluorescence
emission peaks of CDs-PNATs shifted reversibly from 450 to 500 nm upon heating from 25 to 50 °C,
and recovered to the original wavelength upon cooling back to 25 °C, demonstrating excellent
thermal cycling stability. These findings highlight the potential of CDs-PNATs as promising
candidates for temperature and pH sensing applications. There are still some areas in the current
work that needs improvement and further research. It is necessary to explore how to achieve the
controllable structural formation of the hybrid material in the solutions for their fluorescence
responsiveness. Furthermore, the application of the hybrid material as a sensor deserves further
investigation to fully explore its potential.
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The fluorescence emission spectrum of CDs-PNATSs in the acidic aqueous solutions at the different temperatures
during cooling (a): CDs-PNATTI; (b): CDs-PNAT?2; (c): CDs-PNATS3; (d): CDs-PNAT4; Table S1: Weight ratios of
the precursors for the samples: CDs-PNAT1, CDs-PNAT2, CDs-PNAT3 and CDs-PNAT4.
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