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Abstract 

We report fluorescent carbon nanoparticle decorated with 4-methylimidazole (4-MEI) prepared by 

a one-step hydrothermal synthesis. Upon binding to toxic heavy metals including Hg2+ and Cd2+, 

the fluorescence emission displayed notable enhancement. This is in contrast with the majority of 

other one-step synthesized fluorescent carbon nanoparticle sensing systems which exhibit 

quenching, due to the non-radiative energy transfer. In comparison, the decorated 4-MEI on the 

carbon nanoparticles prevents the non-radiative energy transfer when the analytes bind to the 4-

MEI. Further results on the fluorescence responses on the removal of the surface decorated 4-MEI 

and re-coordination of a reference 4-MEI against the same metal ions suggested that the 4-MEI on 

the carbon nanoparticles’ surface plays a key role in the observed fluorescence enhancement. 

These features indicate an immense potential for further development of CNP based fluorescence 

enhancement sensing platforms for effective detection of analytes of interests. 
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Introduction 

Fluorescence material based sensing of metal ions offers numerous benefits over more traditional 

systems, such as detection sensitivity,1 fast response times2 and ease of measurement.3 The 

fluorescence sensing of metal ions typically relies on heavy atom effects in which complexation 

of heavy metal ions such as Hg(II), Pb(II) greatly reduces fluorescence intensity as compared to 

the free ligand or complexes of relatively light metal ions such as Ca(II) or Zn(II).4,5 Due to high 

sensitivity and versatility, fluorescent organic dyes have been researched as fluorescent 

chemosensors for sensing of heavy metals.6–9 However, chemosensory systems for heavy metal 

ion detection consist of combined fluorophores and macrocyclic molecules10,11 such as aza-crown 

ethers or sulfur containing receptors.7,12 Thus, the complexity of the synthesis and/or resulting low 

water solubility can be limiting factors. Likewise, recent progress in nanoparticle-based 

fluorescent probes such as those based on gold13 and silver nanoparticles14 as well as systems based 

on semiconductor quantum dots15 have proved as effective heavy metal ion detectors. 

Unfortunately, they also suffer from complexity of synthesis and/or water solubility.  

On the other hand, fluorescent carbon nanoparticles (CNPs) have exhibited considerable potential 

for a range of practical applications including biological applications,16,17 solid state lighting18 and 

sensing.19 For the last decade, one-step synthesized CNPs have been researched broadly due to 

their simplicity in preparation20, ease of dispersion in water21 and superior optical performance.22 

The majority of the reported CNPs have been utilizing surface functionalization strategies such as 

decomposing carbon precursors containing other surface functionalization moieties in one pot.20 

CNPs’ sensing applications have especially been extensively researched due to the CNPs surface 

functionalities which play dual roles with the analytes. Firstly, the surface functionalities recognize 

the analytes by binding the analytes on the surface of the CNPs. Simultaneously, the analytes on 



the surface of the CNPs induce fluorescence quenching. Since the fluorescence of these CNPs 

depends on their surface states, the direct contact with these analytes onto the surface of the CNPs 

induces non-radiative energy and/or charge transfer, resulting in fluorescence quenching. Thus, 

CNP based sensors have been utilized for sensing of various materials such as heavy metal ions,23 

anions24 and a range of chemical systems.25  

Herein, we report a fluorescent carbon nanoparticle-based sensing system, assisted by imidazole 

derived moieties derived from a one-step synthesis. Thus far, numerous CNP based sensors have 

been demonstrated based on their fluorescence quenching upon binding of analytes. The analyses 

of the multiple batches of the samples indicated that the decomposition of the carbon precursor 

(glucose) in the presence of a nitrogen source (ammonia) not only produce carbon nanoparticles 

but a heterocyclic compound, 4-methylimidazole (4-MEI). Although 4-MEI is typically produced 

from dicarbonyl, ammonia and aldehyde, it can be produced via degradation of glucose in aqueous 

ammonia solution, similar to Maillard reaction.26 This allows the formation of carbon 

nanoparticles and 4-MEI in one-step. 

To probe the surface functionalities of the CNPs, the crude samples were fractionated, and their 

properties were carefully analyzed. The results indicated that most of the 4-MEI functionalities are 

not covalently tethered to the nanoparticles but coordinated to the nanoparticle surface. Since the 

majority of the functionalities are imidazole, the sensing of the metal ions showed a good 

sensitivity, similar to nitrogen containing fluorophore chemosensors, especially towards Hg2+ and 

Cd2+.27 According to the previously reported CNP systems, our CNP based system would display 

quenching effects upon binding to analytes. Interestingly, however, the CNP samples showed 

fluorescence enhancement when they are introduced to analytes. Throughout the monitoring of the 

surface state changes upon binding, we found that the fluorescence enhancement is originated from 



changes in the CNPs’ surface state due to the interactions between the 4-MEI and analytes. The 

imidazole moieties on the surface acts as metal ion recognition sites and are spaced away from the 

carbon cores due to their non-covalent binding motif. Therefore, direct contact with the analytes 

to the carbon core are inhibited whilst the energy transfer distances are increased upon the binding 

of the analytes.28,29 Results from our investigation on the filtration and re-coordination of the 

imidazole moieties onto the carbon cores suggested that the fluorescence of the CNPs and their 

responses toward the analytes also depends on the concentration of 4-MEI, as illustrated in Scheme 

1. This represents a new strategy for designing CNP based fluorescence sensing platforms. 

 
Scheme 1. Schematic representation of the two sensing systems studied in this work; (a) binding 
of the analytes onto the I-CNPs, (b) removal of the coordinated 4-MEI, resulting Filtered CNPs 
(F-CNPs), (c) re-coordination of 4-MEI, producing Re-coordinated CNPs (R-CNPs) and (d) 
binding of the analytes onto the R-CNPs. 



 

Experimental 

Carbon nanoparticle preparation 

I-CNPs were synthesized by reacting 1 M glucose with 2 M ammonium hydroxide in a 

hydrothermal reactor. Typically, 11 mL of 2 M glucose solution (2.7 g glucose, Chem-supply, 

Australia in 11 mL water) was mixed with 4 mL 30% ammonia solution (2 M, Chem-supply, 

Australia) and stirred overnight. The mixture was transferred to a 30 mL PTFE lined hydrothermal 

reactor and the hydrothermal reactor was sealed and heated to 180 °C for 24 hours. The reaction 

mixture, containing the synthesized crude CNPs was mixed with water and then filtered through a 

0.2 μm nylon membrane in order to remove large aggregates. The water was isolated by freeze 

drying the crude CNPs. The crude CNPs were dissolved in a solvent mixture, consist of 4:1 

tetrahydrofuran (Merck) and ethanol (Merck), and fractionated through a silica gel column (silica 

gel 60, Merck). Prior to the column fractionation, analytical thin layer chromatography was 

performed on a TLC plate (silica gel 60 F254, 0.25 mm thick, Merck), three different fractions were 

observed by thin layer chromatography. The retention factors of the 1st, 2nd and 3rd fractions were 

0.84, 0.29 and 0 respectively. The fractionated CNPs were isolated from the solvent mixture by 

evaporation at reduced pressure. In order to investigate further on the role of 4-MEI and the 

nanoparticles, the 4-MEI in the 2nd fraction samples (I-CNPs) were filtered through a gel filtration 

column (Sephadex G-10, Sigma-Aldrich) twice. The filtered CNPs (F-CNPs) were then freeze 

dried for further characterization and experiments. The Re-coordinated CNPs (R-CNPs) were 

prepared by stirring 10 mL of the F-CNPs (UV-vis absorbance 0.18 at 360 nm) solution with 10 

mL of 4-MEI (Sigma-Aldrich) solutions at 60°C for 24 hours under reflux. The mixtures were 

cooled to room temperature and stirred for 24 hours further. Blank CNPs (B-CNPs) were prepared 



by using 11 mL of 1 M glucose solution and 4 mL of water was added instead of ammonia solution. 

The conditions of the synthesis were kept identical to the preparation of I-CNPs. The as-

synthesized B-CNPs were filtered through a 0.2 μm nylon membrane and freeze dried to isolate 

from the water. 

Spectroscopic materials and methods 

Deionized water (18 MΩꞏcm) was used to prepare all aqueous solutions including metal ion and 

the MI/CNP solutions. The MI/CNP solutions for the fluorescence tests were prepared at 5 μgꞏmL-

1 (UV-vis absorbance 0.09 at 360 nm). Metal ion solutions were prepared by dissolving chloride 

metal salts (Chem-supply, Australia) in water. Samples for 1HNMR spectra of the CNPs with the 

metal ions (Cd2+ and Hg2+) were prepared by dissolving the CNPs in d6-DMSO followed by mixing 

with cadmium chloride or mercury nitrate (Chem-supply, Australia). The samples for the 

fluorescence was prepared by mixing 1 mL of the CNP solution and 1 mL of the metal ion solution. 

Prior to the test, all other CNPs were further diluted by adjusting UV-vis absorbance to 0.09 at 360 

nm. The 4-MEI aqueous solutions for metal ion titrations were also prepared by adjusting UV-vis 

absorbance to 0.09 at 360 nm and the molarity was 50 mM. The fluorescence of the mixtures was 

measured as soon as the sample solutions and the analytes were mixed. All optical properties, 

reported herein, were measured at pH 7.  

Characterizations 

Atomic force microscopy (AFM) images were captured on an NT-MDT NTEGRA Spectra AFM 

using a semi-contact mode. Transmission electron microscopy (TEM) images were captured on a 

JEOL JEM-1010 and high resolution TEM images were captured on a Hitachi HT7700. X-ray 

photoelectron spectroscopy (XPS) spectra were acquired using a Kratos Axis ULTRA X-ray 

photoelectron spectrometer incorporating a 165 mm hemispherical electron energy analyzer. 



Calculations of atomic concentrations and peak fittings of the high-resolution data were carried 

out using the CasaXPS software package (v2.2.73). Fourier transform infrared (FTIR) spectra were 

recorded on a PerkinElmer Spectrum Two IR spectrometer equipped with a diamond attenuated 

total reflectance (ATR) attachment. ATR corrections were applied using PerkinElmer Spectrum 

software package (v10.03.09) after acquisitions. Nuclear magnetic resonance (NMR) spectra were 

acquired on a Varian 400MHz Unity INOVA spectrometer in d6-DMSO at the temperatures 

quoted. 1H NMR chemical shifts are referenced to solvent residuals, taken as 2.49 (d6-DMSO). All 

NMR spectra were processed using the MestReNova software package (v11.0.4). UV-visible (UV-

vis) absorption spectra for dispersed samples were measured on an Agilent 8453 UV-vis 

spectrometer. Fluorescence spectra were measured by a Thermo Lumina fluorescence 

spectrometer. Fluorescence decays were recorded by a using 374 nm picosecond pulse laser 

excitation source in an Edinburgh Photonics FLS920 photoluminescence spectrometer. 

Fluorescence lifetimes were estimated from the measured fluorescence decay curves and the laser 

profiles using nonlinear least-square iterative fittings on F900 software package (v7.2.1). Quantum 

yields were measured by comparing quantum yield standards at 360 nm excitation (quinine sulfate, 

54%). All samples for quantum yield were prepared by diluting the original samples until their 

absorbance was 0.045 for the excitation wavelength.  

Results and discussions 

Imidazole decorated CNPs (I-CNPs) were synthesized by decomposing 1M glucose with 2M 

ammonium hydroxide hydrothermally at 180 °C for 24 hours. The evaporation of the water from 

the crude reaction mixture resulted in a caramel like crude product which is consistent with a 

previously reported system.26 The crude product was column fractionated (see experimental) in 

order to obtain nanoparticles containing 4-MEI. Since we observed that the nanoparticles from the 



2nd fraction contains 4-methylimidazole, our discussion is focused on the 2nd fraction (I-CNPs). 

However, further information on the other fraction is available in Supplementary Information. 

 

 
Figure 1. (a) AFM and (b) TEM image obtained from the 2nd fraction sample (I-CNPs), (c) 
HRTEM images of I-CNPs (inset: high resolution image of the particle in red circle), particle size 
distributions obtained from (d) AFM and (e) TEM image, (f) 1HNMR spectrum of 1. 4-MEI vs. 2. 
I-CNPs (400 MHz, 296K, d6-DMSO), (g) IR, XPS high resolution (h) C1s and (i) N1s spectrum 
of I-CNPs. 
 

Physiochemical properties 

As presented in Figure 1, the particles in I-CNPs were clearly observable from both atomic force 

microscopy (AFM) and transmission electron microscopy (TEM) images. The particle sizes, 

analyzed from the AFM and TEM, were comparable each other with the majority of the particles 

are between 15 to 35 nm. High resolution TEM (HRTEM) characterization in Figure 1 (c) suggests 

that the carbon core structure is crystal-like. Successive planes of carbon lattices are observed with 

an interplanar distance of ~0.24 nm. The AFM analyses of the crude sample indicated that it not 

only contained nanoparticles, but also large sheet-like materials (Figure S1). However, the particle 



size was identical to the size of the I-CNPs. The particle size of the 1st fraction was also identical 

to the particle sizes observed from the crude CNPs and I-CNPs (2nd fraction). No large sheet-like 

materials were found in both 1st and 2nd fractions, indicating the sheet-like materials reside in the 

immobile 3rd fraction.  

1H NMR characterizations indicated that the crude samples and I-CNPs contain 4-MEI. As 

presented in Figure 1 (f), the chemical shifts observed from 1H NMR characterizations were 

consistent with the reference 4-MEI (Comparison of the 1H NMR spectra from the crude, 1st and 

2nd fraction samples are available in Supplementary Information).  

The IR spectrum obtained for the I-CNPs are presented in Figure 1 (g). The spectrum exhibit N-H 

stretches between 3200 and 3000 cm-1. The additional bands at 1446 cm-1 and 1265 cm-1 which 

correspond to C-N stretch along with N-H bend, supporting the presence of amine like 

functionalities in the I-CNPs. Furthermore, overtones from hetero-aromatics were observed 

between 2100 and 1900 cm-1 which further supports the presence of the imidazole moieties in the 

sample. It is notable that these distinctive peaks were in line with the IR spectrum obtained from 

the reference 4-MEI (Figure S3) and the observations made in the 1H NMR spectroscopy studies. 

However, these bands are not observable from the 1st fraction sample.  

It is also notable that C=O stretch at 1680 cm-1 and C-O stretch at 1403 cm-1 were observable from 

both 1st fraction and I-CNPs, indicating the existence of the structural defects and/or oxidized 

products on the surface of the particles. In an effort to obtain a better understanding of the 4-MEI 

on the surface of I-CNPs, 4-MEI Filtered CNPs (F-CNPs, filtered through a column containing 

Sephadex G-10) and Blank CNPs (B-CNPs, sample prepared without ammonia) were prepared 

and examined. The IR spectrum of the F-CNPs was relatively similar to the IR spectrum of the 1st 



fraction and B-CNPs, indicating the majority of the 4-MEI exist in the I-CNPs was not covalently 

tethered to the surface of the nanoparticles. The C=O and C-O stretches are evident across the 

samples examined indicating the oxygen containing surface functionalities are available regardless 

the 4-MEI or ammonia.   

X-ray photoelectron spectroscopy (XPS) survey spectrum of I-CNPs indicates that the majority of 

the sample consist of carbon (78%, Figure S7). The high resolution C1s spectrum in Figure 1 (h) 

was deconvoluted into five peaks which corresponds to sp3 C-C at 284.5 eV, sp2 C=C at 284.9 eV, 

C−N/C=N at 285.6 eV, C−O at 286.3 eV, and C=O at 287.7 eV, respectively. The deconvoluted 

peaks of C-O and C=O further confirms the existence of oxidized surface functionalities. The high-

resolution N 1s spectrum of I-CNPs could be deconvoluted into three peaks, which corresponds to 

− NH at 398.6 eV, N−C at 399.5 eV and N=C at 400.5 eV. The distinct N−C and N=C is likely to 

have originated from imidazole.  

Optical properties 

The UV-vis absorption of the I-CNPs in Figure 4 (a) displayed a distinctive peak at 275 nm with 

a broad shoulder peak spanning from 290 nm to 325 nm. These absorption characteristics could 

be observed in the crude sample (Figure S8 (a)). Notably, the absorbance was much prominent in 

the I-CNPs at the same CNP concentrations (5 μgꞏmL-1). A broad absorption peak between 270 

and 290 nm from the 1st fraction was observed, in contrast to the distinctive peak from the I-CNPs. 

This may indicate the absorption peak and/or the shoulder, at 275 and 295 nm respectively, are 

related to the imidazole. To elucidate these observations, UV-vis absorption of 4-MEI was 

measured (Figure S9 (a)). The UV-vis absorption spectrum of 4-MEI displayed a peak at 295 nm 

which is assignable to π-π* transition of C=N on the 4-MEI ring.30 This further indicates the 

shoulder peak from the I-CNPs corresponds to the imidazole moieties exist on the I-CNPs.  



 
Figure 2. (a) UV-vis, excitation and emission spectrum of the I-CNPs, fluorescence spectra 
responses of the I-CNPs on the addition of (b) Cd2+ and (c) Hg2+ ion (Inset: fluorescence intensity 
measured at 435 nm), changes in the fluorescence intensities, in the presence of the excessive 
competing ion (Zn2+, 10 μM), on the addition of (e) Cd2+ and (f) Hg2+ ion and (d) fluorescence 
responses of the I-CNPs on the addition of various metal ions at 5 μM concentration (blue 
horizontal line represents the reference relative intensity). 
 

The fluorescent excitation spectrum of the I-CNPs at λEm = 435 nm in Figure 4 (a) showed a 

symmetric peak between 310 and 365 nm which parallels to the UV-vis absorption range of the 

shoulder peak from the UV-vis spectrum. A notable shoulder in the excitation spectrum at 275 nm 

is in line with the distinctive UV-vis peak accordingly. To obtain further insights on the functional 

groups on the CNPs including the crude and 1st fraction samples, fluorescence of the sample CNPs 

were measured at λExt = 265, 275 and 285 nm (Figure S8). Both the crude CNPs and the 1st fraction 

sample displayed hypsochromic shifts whilst the emission spectra from the I-CNPs were excitation 

independent (emission peak at 385 nm). The observation from the I-CNPs agrees with Kasha’s 

rule31 thus, the fluorescence of the I-CNPs at λExt = ~275 nm is originated from the imidazole.  



Fluorescent emission at λEx = 360 nm in Figure 2 (a) displayed a blue emission with an emission 

peak at 435 nm. Fluorescence spectra of the samples at excitation wavelengths from 300 to 400 

nm displayed excitation dependency on their fluorescence emission (Figure S8), similar to the 

previously reported systems.24,32 This also correlates well with the broad UV-vis absorption 

shoulder from 300 to 400 nm in the UV-vis spectra which is originated from the carbon 

nanoparticle cores rather than their functional groups.  

Metal ion sensing 

The addition of metal ions to the I-CNPs led to various responses, based on the metal ions tested. 

Figure 2 (d) displays the fluorescence responses of the I-CNPs after the addition of several chloride 

salts of metal ions. Upon the addition of an equivalent amount of 5 μM the metal ions to aqueous 

solutions of the I-CNPs, only Cd2+ and Hg2+ ions enhance the fluorescence signal, while the 

addition of Ag+, Co2+, Fe3+, Ni2+ and Pb2+ ions causes fluorescence quenching. No significant 

fluorescence signal changes were noted from the other cations/anions. The fluorescence spectra 

for titrations of the I-CNPs with Cd2+ and Hg2+ are shown in Figure 2 (b) and (c). The fluorescence 

signals started to increase upon the addition of Cd2+ and Hg2+. The FL intensity was increased up 

to 62% and 56% for Cd2+ and Hg2+ at 200 nM and 50 nM metal ion concentration respectively. 

The intensity increased linearly with the concentration of Cd2+ from 0 to 100 nM with linearity 

dependent coefficient, R2 = 0.997 whilst Hg2+ showed linear responses from 0 to 40 nM with R2 = 

0.985. The intensity reached a plateau at 250 nM Cd2+ and 100 nM Hg2+, indicating the complete 

complexation at their maximum intensity increases. On the basis of the fluorescence titrations of 

the I-CNPs, we have determined stability constants, Ka for Cd2+ to be 3.97 M-1 and Hg2+ to be 20.0 

M-1 (See Supplementary Information for further details).33,34 No spectral shifts in the presence of 

the metal ions were noted, in contrast to molecular based metal ion sensing systems reported 



previously.10 Competition experiments in which the I-CNPs was exposed to excess Zn2+, then to 

the addition of Cd2+ and Hg2+ in Figure 2 (e) and (f), lead to 2 to 10 % reduction in the emission 

intensity, in the order Cd2+ and Hg2+. It is also noticeable that the reduction depended on the metal 

ion concentrations. This observation is consistent with the relative affinities that would be 

anticipated on the examination of the fluorescence without Zn2+. 

The aqueous 4-MEI (50 μM), F-CNP and B-CNP solutions were titrated with Cd2+ and Hg2+ under 

the identical conditions to attain a better comparison. Unlike to the result from the I-CNPs, no 

significant fluorescence changes were observed across the control samples examined (Figure S11). 

These results indicate that the 4-MEI on I-CNPs may associate with metal ions and the carbon 

nanoparticles by cooperative binding, similar to nitrogen containing fluorescence sensing 

molecules.35,36 It is also worth mentioning that the fluorescence intensities of F-CNPs were notably 

quenched, in comparison with I-CNPs, which is consistent with the observations reported 

previously.37 This further confirms that the direct interaction with the analytes and CNP cores 

results in the quenching of the fluorescence.  

 

 



 
Figure 3. Changes in (a), (d) UV-vis, (b), (e) fluorescence spectra at 275 nm excitation and (c), (f) 
fluorescence decay curves and fittings of the I-CNPs on the addition of Cd2+ and Hg2+ ion. 
 

To probe the association of the metal ions and CNPs, UV-vis spectra of the titrations of the I-CNPs 

with Cd2+ and Hg2+ were examined. As presented in Figure 3 (a) and (d). Only small changes (Δabs 

= 0.002 at 360 nm) in the absorption occurred during the titrations, indicating that the fluorescence 

emission intensity changes are predominantly related to the changes in quantum yield.38 The 

absorption spectra from both Cd2+ and Hg2+ displayed two isosbestic points, supporting the 

complexation of the metal ions and changes in the particles’ surface states upon binding.39–42 

Notably, the UV-vis absorption at 275 nm and 290 nm region showed increase while the absorption 

near 325 nm showed decrease. The changes in the absorptions are ascribable to the changes to the 

imidazole functionalities on the surface since these peaks are comparable to the peaks observed 

from the UV-vis characterizations in Figure 2 (a). Consequently, the absorption changes upon the 

addition of Cd2+ and Hg2+ support the changes of the subsequent surface states which may rigidify 

the 4-MEI surface functionalities and prevent nonradiative decay subsequently.42,43 The UV-vis 



absorption displayed minimal changes over 200 nM Cd2+ and 50 nM Hg2+ concentrations 

supporting the I-CNPs complete complexation with the analytes.  

Control UV-vis titration experiments using 4-MEI solution and F-CNPs were conducted. The UV-

vis of the titrations of the 4-MEI solution with Cd2+ and Hg2+ displayed very slight changes in their 

absorption (Δabs = 0.004 at 275 nm, Figure S12) which are consistent with the slight changes 

observed in the fluorescence. Nevertheless, the UV-vis absorption changes at 275 and 325 nm 

regions with one isosbestic point confirm the complexation of the metal ion with 4-MEI which 

may be attributed to the energy transitions between the metal ions and the 4-MEI upon the 

coordination.42 The UV-vis responses from the F-CNPs showed insignificant changes (Δabs = 0.008 

at 275 nm) which also showed similar fluorescence responses with the 4-MEI solutions. However, 

unlike the 4-MEI, no isosbestic points were noted suggesting no significant interaction between 

the F-CNPs and the metal ions tested in the absence of the 4-MEI, in contrast with the cases of I-

CNPs.   

As displayed in Figure 3 (b) and (e), the fluorescence spectra taken over the course of the same 

titrations of the I-CNPs with Cd2+ and Hg2+ at λExt = 275 nm were notably different from the 

fluorescence spectra measured at λExt = 360 nm (vs. Figure 2 (b) and (c)). It was expected to see 

obvious fluorescence enhancement at 275 nm excitation. However, a slight fluorescence 

enhancement was observed at lower metal ion concentrations followed by hypochromic effects 

with bathochromic shifts. The fluorescence decays were measured at the samples’ complete 

complexation and compared with blank samples (Figure 3 (c) and (f), λEx = 374 nm). The decay 

curves were bested fitted by a bi-exponential function, indicating two different fluorescence spices 

exist in the I-CNPs. The comparison with the reference decay indicates small but notable changes 

in fluorescence spices exist in the I-CNPs. The ratios between τ1 and τ2 were comparably similar 



throughout the measurement (Table S1). At the samples’ complete complexation, the decay fitting 

curves showed FL decay increase for both Cd2+ and Hg2+, indicating the excited states of the I-

CNPs were extended by the coordinated metal ions onto the 4-MEI.  

In order to further examine the coordination of the metal ions, 1HNMR spectra of the I-CNPs 

doped with Cd2+ and Hg2+ were acquired. As presented Figure 4, chemical shifts of the 4-MEI due 

to the addition of Cd2+ and Hg2+ was evident. Chemical shifts increase with respect to the non-

protonated species when the pair of electrons in the nitrogen heterocycle are protonated.44 On the 

other hand, a decrease in the electron density of the imidazole yields downfield shifts at all ring 

positions which is inversely proportional to distance.  

The observations from the chemical shifts are well aligned with the optical property changes 

observed in the fluorescence spectral shifts measured at λExt = 275 nm (Figure 3 (b) and (e)) and 

deviations on the decay responses (Figure 3 (d) and (f)). This also confirms the changes of the 4-

MEI on the surface of the carbon cores when metal ions are coordinated. The bindings of the metal 

to the 4-MEI would result in energy level changes followed by the CNPs’ surface functional group 

changes (rigidification?).42 The changes of the 4-MEI may result in the increased FL emission 

intensity via radiative energy transfer from the CNPs to the 4-MEI and the coordinated metal.42,43 

 

 



 
Figure 4. 1HNMR Spectral shifts (400 MHz, 296K, d6-DMSO) of (a) I-CNPs in comparison with 
the addition of (b) Cd2+ and (c) Hg2+ ion. (Note: 199Hg NMR experiments were attempted. 
However, due to the solubility of mercury nitrate, no meaningful results were obtained) 
 



 

 
Figure 5. (a) Fluorescence spectra of the F-CNPs on the addition of 4-MEI solution, (b) expansion 
of the fluorescence intensity measured at 435 nm in Inset (grey shaded area), (c) UV-vis spectra 
and (d) fluorescence responses of the R-CNPs (F-CNPs re-coordinated with 20 μM 4-MEI 
solution) on the addition of Cd2+ and Hg2+ ions (full titration data is presented in Figure S13). 
 

Re-coordination of 4-MEI and metal ion responses 

It is of interest to establish the extent to which 4-MEI coordinates the surface of the CNPs and the 

changes in the fluorescence. Hence, the F-CNPs were re-coordinated with 4-MEI solutions from 

0.025 μ to 60 μM at 60°C for 24 hours, producing re-coordinated CNPs (R-CNPs). As displayed 

in Figure 4 (a) and (b), the fluorescence of the resulting R-CNPs showed notable enhancement. 

The fluorescence reached its maximum at 20 µM 4-MEI followed by a slight hypochromic effect 



at concentrations higher than 40 µM, indicating a complete coordination at 20 µM 4-MEI. Stability 

constant Ka of R-CNPs was determined at 0.85 M-1
, based on the titrations of the R-CNPs and their 

fluorescence responses.11,33 Similar to I-CNPs, the fluorescence emissions at λExt =  ~275 nm 

showed no spectral shifts, indicating the re-coordination of the 4-MEI onto the CNPs’ surface 

(Figure S9 (f)). The UV-vis spectra obtained from the R-CNPs (Figure 4 (c)) displayed an 

isosbestic point at 235 nm with a hyperchromic effect at 275 nm, confirming the re-coordination 

of the 4-MEI onto the CNPs’ surface. Hypsochromic shifts and disappearance of the isosbestic 

point over 40 µM 4-MEI reflected that the coordinating abilities and the stabilities of the F-CNPs 

reached its’ equilibrium at 20 µM.45 These observations from the UV-vis correlate well with the 

fluorescence responses over 40 µM 4-MEI in Figure 4 (b). Titrations of the R-CNPs with Cd2+ and 

Hg2+ are presented in Figure 4 (d). The responses upon the addition of the obtained were also 

associate well with the 4-MEI concentrations and the responses of the 20 µM 4-MEI re-

coordinated R-CNPs were similar to I-CNPs responses in Figure 2 (e) and (f).  

Conclusions 

We have demonstrated a sensitive and selective fluorescence enhancement CNP sensing platform 

using a one-step hydrothermal synthetic strategy. In contrast to the majority of one-step CNP 

systems, the fluorescence intensity showed enhancement upon the bindings to the analytes. The 

changes of the CNPs optical properties with the analytes indicated that the 4-MEI functionality is 

coordinated to the CNP preventing direct interactions with the analytes and CNP cores. On the 

other hand, CNPs without the 4-MEI functionality showed notable quenching when the analytes 

were introduced. Re-coordination of 4-MEI to the bare CNPs further enabled the fluorescence 

enhancement when the analytes were introduced, confirming the coordination of the 4-MEI on the 



CNPs surface. Our study provided a simple but effective strategy for CNP fluorescence sensing 

platform. 
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