


 

 

HIGHLIGHTS. 

 

 Synthesis and characterization of a new naphthalimide-based PET sensor for pH 

sensing in aqueous media. 

 The naphthalimide-based PET-sensor exhibits solvatochromic properties in organic 

solvents. 

 The ensemble [CDs-naphthalimide-based PET sensor] shows a double functionality a) 

as H+ sensor in aqueous media and b) as water sensing material in non-aqueous media 

(organic solvents and mineral oil-based lubricants).   
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1. ABSTRACT 

A novel nanoprobe was synthesized by functionalizing gluthatione/citric acid–carbon dots 

(CDs) with a benzo-isoquinolin-based molecule, methyl 3-(4-(2-(5-

((methylsulfonyl)oxy)pentyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-

yl)piperazin-1-yl)propanoate (water chemosensor, WCS),  to detect trace amounts of water 

in non-aqueous media via on-off fluorescence. The design and synthesis of the free molecule 

WCS and the functionalized nanoprobe (CD-WCS) are described in detail and as well as 

their full characterization by different spectroscopic methods.  WCS was found to be an 

excellent indicator of pH in aqueous media and exhibited, in solvents of different polarity, 

solvatochromic behaviour. On the other hand, the modified fluorescence intensity of CD-

WCS was found to be an excellent indicator for water in non-aqueous media (organic 

solvents and oil-based lubricants). In these media, CD-WCS showed weak fluorescence 

intensity due to a photoinduced electron transfer (PET) process.  Sequential addition of trace 

amount of water led to revival of CD-WCS fluorescence intensity. The fluorescence on-off 

mechanisms are proposed for WCS in aqueous media as well as for CD-WCS in non-aqueous 

media.  The analytical performance characteristics of CD-WCS showed a limit of detection 

for water of 0.00021% (v/v) in toluene and 0.00014 % v/v in base-oil lubricant. The potential 

application of CD-WCS as chemosensor of water contamination in oil-based lubricants as 

well as green anti-wear/anti-friction lubricant additive are outlined.   
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2. INTRODUCTION 

 

Water in many organic solvents as well as in oily samples is generally considered as an 

impurity in a variety of industrial and technological sectors and it needs to be removed or 

determined in routine synthetic chemistry laboratories and in different industrial processes 

[1].   For example, a control of moisture in organic solvents must be performed as it  destroys 

Grignard reagents, the most widely used reagents in organic and organometallic chemistry 

[2]. In a recent work by Meijer et al. [3] authors found that small amounts of water in 

methylcyclohexane destabilized of supramolecular polymers forming small aggregates.  

Also, solvents with very low water content must be used for sample preparation in GC as 

water may produce backflush during injection, a decrease in the efficiency of many 

stationary phases and interferes with some certain detectors such as flame ionization and 

electron-capture detectors [4]. The NMR spectral identification of solvents as impurities in 

synthesis and industrial processes may be interfered by the presence of water [5]. In the dry 

cleaning operations, the presence of water in the solvent used (e.g. perchloroethylene)  must 

be carefully controlled so that the solvent relative humidity is the same as that which the 

delicate textiles would attain when in equilibrium with a room relative humidity at the same 

temperature of cleaning (usually not higher than 25ºC) [6]. In the field of oil-based 

lubricants, moisture (water) contamination reduces its chemical stability and may cause 

many problems to machinery life such as corrosion, water etching (owing to by-products 

from lubricant degradation), vaporous cavitation (instantaneous vaporization and 

condensing implosion of water), hydrogen embrittlement (under extreme conditions water 

dissociates to release hydrogen atoms which then permeate the metal causing pinning and 

embrittlement of the metal) [7-9] among other effects. 

Control of water contamination in lubricants and in organic solvents can be carried out by 

different approaches such as FTIR-chemometrics, photoacoustic spectroscopy, 

electrochemical impedance spectroscopy, coulometric Karl Fischer titration, different types 

of sensors (capacity, conductance, permittivity, viscosity), fiber optic devices, etc [10-14].     

The determination of moisture/water in organic solvents using luminescent dyes has been 

addressed in different fluorescent formats, including immobilization of fluorescent dyes on 

a surface (glass, polymer, etc), metal-organic frameworks,  photo-induced electron transfer 

(PET), intramolecular charge transfer (ICT) or europium-dye nanospheres [15-18].  



Due to their unique physical and chemical properties, carbon dots are a versatile group of 

nanoparticles which have indeed attracted much attention and a systematic research started 

on their synthesis with different aims, such as luminescent nanoparticles for sensing and 

imaging, drug delivery, light emitting diodes, solar cells, etc  [19-23]. In the last five years, 

carbon dots (CDs) have bursted into the development of novel sensing materials for water 

determination in organic solvents. Yan and Wu [24] developed a dual-emission chemosensor 

for moisture and water in organic solvents based on a green-Tb(III)-organic framework with 

red carbon dots. The probe worked as a ratiometric luminescent material within a relative 

humidity from 33.0% to 85.1% in the atmosphere. J. Wei et al [25] described the use of raw 

carbon dots as water-sensitive fluorescent probes in organic solvents such as ethanol, THF 

and 1,4-dioxane, with a detection limit of 0.01% v/v.  Chao et al. [26] proved that CDs 

obtained by one-step hydrothermal treatment of o-phenylenediamine may act as visual 

sensors of the water content in organic solvents: emission gradually red shifted when the 

content of water increased, the color changing from cyan to orange to naked eye. Recently, 

Senthamizhan and co-workers [27] proposed  different sensing mechanisms by which raw 

CDs may be sensitive to water in different aprotic and protic organic solvents. In aprotic 

solvents (THF, CAN and acetone) the red shift of the emission band of the CDs was used to 

monitor the water content, while in protic solvents (isopropyl alcohol and butyl alcohol) the 

fluorescence emission intensity was employed to determine the water content.  Even, 

multifunctional CDs have been described that allowed not only trace water detection in 

organic solvents but also as fluorescent material for bioimaging and optoelectronic 

applications [28].   In this context, we present the synthesis of a PET dye (WCS) and its 

binding to glutathione/citric acid-based carbon dots with the aim to obtain a suitable 

fluorescent chemosensing material for monitoring water contamination in non-aqueous 

media. The behaviour of the WCS dye was studied in aqueous media and in both aprotic and 

protic solvents, observing a solvatochromic red shift of the fluorescence emission maximum 

upon increasing the polarity of the solvent. The binding of WCS to the surface of the 

glutathione/citric acid CDs (CDs-WCS) was characterized by different analytical techniques 

and it was found that the fluorescence intensity of the system increased as the water content 

in organic solvents and in oil lubricant increased. To our knowledge, this is the first time that 

fluorescent dye modified CDs have been adopted as water-sensitive probe in a complex 

sample such as a mineral lubricant oil as well as in an aprotic solvent (toluene).  The 

signalling mechanisms of the luminescent probe have been outlined both in aqueous and 

non-aqueous media. There was an excellent agreement between the results obtained using 



the CDs-WCS chemosensor and those obtained using the conventional Karl-Fischer 

coulometric method.  What is more, the CDs-WCS offers potential green anti-wear and anti-

friction additive for lubricants due to the presence of the CDs in the ensemble.  

  

3. MATERIAL AND METHODS  

 

3.1. Materials and reagents 

Citric acid (CA), L-glutathione reduced (GSH), 4-bromo-1,8-naphthalic anhydride, 5-

amino-1-pentanol, piperazine, sodium bicarbonate, potassium iodide, methyl-3-

bromopropionate, magnesium sulphate, triethylamine, dimethylaminopyridine, mesyl 

chloride, methanol, hydrochloric acid, sodium hydroxide, phosphoric acid and boric acid 

were purchased from Merck. Ethanol, chloroform, 2-methoxiethanol, tetrahydrofuran 

(THF), dimethyl sulfoxide (DMSO), ethyl acetate, dichloromethane, pyridine and anhydrous 

toluene (20 ppm water) were acquired to Sigma. Unless otherwise stated, Milli-Q water 

(MQW) was used throughout the experimental. 3.5 KDa Membrane Dyalisis Tubes were 

bought to Merck. 

 

 

3.2.Instrumentation 

1H-RMN spectra were taken in a Bruker AV600 600 MHz and 14.0T. An AV300 300 MHz 

and 7.0T spectrometer was used for 13C-RMN analysis. HRMS was performed in a Thermo 

Scientific Neptune Plus Spectrometer. FTIR spectra were recorded in a Varian 670 

spectrometer, using 4 cm-1 at 2000 cm-1 resolution and 32 scans per sample. XPS 

experiments were carried out in an SPECS spectrometer with a Mg-Kα X-ray source, using 

for high resolution spectra 0.1 eV and 30 eV as step energy and pass energy, respectively 

and 1 eV and 90 eV for survey spectra. The photoluminescence spectra of molecules and 

CDs were recorded in aqueous solution with an Edinburgh Instruments FLSP-920 

spectrofluorimeter. The solutions were prepared in such a concentration that the absorbance 

was kept below 0.1. Absolute quantum yields were obtained by detecting all sample 

fluorescence through the use of an integrating sphere module in an FS5 Spectrofluorometer 

(Edinburgh Instruments) and the calculations were carried out by the instrument’s  Flu 

Oracle software. 



High Resolution–Transmission Electron Microscopy (HR-TEM) images were obtained 

using a Tecnai F30 (FEI) Electron Microscope. Nanoparticles were dispersed in MQW and 

a couple of drops were put onto a copper grid, letting them to dry. Images were processed 

using Confocal Uniovi ImageJ compilation [29]. 

Water content in anhydrous toluene, in lubricant base oils and in different mixtures water- 

toluene was measured using a Coulometric Karl-Fischer device equipped with a diaphragm 

generator electrode model 899 from Metrohm. The sample amount ranged from 1 to 5 g, 

depending on water content, and commercial Hydranal from Fischer was used as electrolyte. 

Measurements were taken in triplicate and results reported as the average. 

 

3.3. Synthesis of 3-(4-(2-(5-hydroxypentyl)-1,3-dioxo-2,3-dihydro-1H-

benzo[de]isoquinolin-6-yl)piperazin-1-yl)propanoic acid (Water ChemoSensor, 

WCS)  

The synthesis of WCS was carried out following the general procedure described by K.H. 

Kim et al [30] but introducing significant modifications as stated below   (Scheme 1a-d):  

3.3.a) Synthesis of 6-bromo-2-(5-hydroxypentyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(P1).  

1.5 g (5.41 mmol) of 4-bromo-1,8-naphthalic anhydride and 670 mg (6.49 mmol) of 5-

aminopentanol were dissolved into 30 mL of ethanol in a 100 mL flask. The mixture was 

heated under reflux at 85ºC with constant stirring (300 rpm) for 9 h. Then, the mixture was 

let to cool down to room temperature and dried in a rotary evaporator under reduced pressure. 

The solid was then dissolved in chloroform, filtered and evaporated to finally obtain 1.68 g 

(84% yield) of a yellow solid corresponding to the naphthalimide P1 (Scheme 1a). The 

product was characterized by 1H-RMN (Figure S1a in Supplementary Information). 

3.3.b) Synthesis of 2-(5-hydroxypentyl)-6-(piperazin-1-yl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (P2).  

1.5 g (4.4 mmol) of P1 and 1.31 g (15.24 mmol) of piperazine were dissolved into 30 mL of 

2-methoxyethanol. The mixture was heated under reflux at 140ºC with constant stirring (300 

rpm) for 2.5 h, after which it was let to cool at room temperature and the solvent was then 

removed under vacuum in a rotary evaporator. The reaction product was purified by 

recrystallization in ethanol. The product was dissolved in the minimum amount of hot 

ethanol and filtered while hot in order to remove possible traces of insoluble products. The 



solution was finally let to stand and the resulting bright yellow crystals were collected using 

a Büchner funnel and washed with cold ethanol. 1.38 g of P2 crystals were obtained (Scheme 

1b), that represented a 90% yield. P2 was also characterized with 1H-RMN (Figure S1b in 

Supplementary Information). 

 

Scheme 1: Synthesis of P4 and WCS 

3.3.c) Synthesis of methyl 3-(4-(2-(5-hydroxypentyl)-1,3-dioxo-2,3-dihydro-1H-

benzo[de]isoquinolin-6-yl)piperazin-1-yl)propanoate (P3). 

1.5 mg (4 mmol) of P2, 0.67 g (8 mmol) sodium bicarbonate and 330 mg (2 mmol) potassium 

iodide were weighted and dissolved into 30 mL THF plus 7 mL DMSO. Then, 675 μL (6 

mmol) of methyl-3-bromopropionate were added. The resulting solution was kept at 80ºC 

under reflux for, at least, 48 hours. Then, the solution was let to cool at room temperature 

and 20 mL MQW were added. The reaction product was isolated by liquid-liquid extraction 

with (4× 20 mL) portions of ethyl acetate. The ethyl acetate solution was then washed with 

(4× 20 mL) portions of MQW and dried over magnesium sulphate (previously dried in an 

oven at 100ºC). The solvent was evaporated under vacuum in a rotary evaporator to leave 

1.34 g of a yellow solid (P3, Scheme 1c) with a yield of 72 %. P3 was characterized by 1H-

RMN, 13C-RMN, HRMS (Figures S1c, S2a and S3a, respectively) and FTIR. 



3.3.d) Synthesis of methyl 3-(4-(2-(5-((methylsulfonyl)oxy)pentyl)-1,3-dioxo-2,3-dihydro-

1H-benzo[de]isoquinolin-6-yl)piperazin-1-yl)propanoate (P4). 

0.5 g (1.1 mmol) of P3 were dissolved into 20 mL dry dichloromethane in a Schlenk flask 

under an inert atmosphere of N2. Then, 219 μL (1.65 mmol) triethanolamine and 250 mg 

(1.5 mmol) dimethylaminopyridine were added under stirring. The flask was put into an ice-

bath in order to cool it down to 0ºC and then 500 μL (6.6 mmol) mesyl chloride were slowly 

added to the mixture (Scheme 1d). The reaction was let to proceed at room temperature for 

30 h after which it was neutralized via addition of 25 mL 0.1 M HCl.  The solvent was 

vacuum removed in a rotary evaporator, obtaining 0.47 g of a highly viscous brown liquid 

(77% yield). The final product (P4) was characterized by 1H-RMN, 13C-RMN, HRMS 

(Figures S1d, S2b and S3b, respectively in Supplementary Information) and FTIR. 

3.3.e) Synthesis of 3-(4-(2-(5-hydroxypentyl)-1,3-dioxo-2,3-dihydro-1H-

benzo[de]isoquinolin-6-yl)piperazin-1-yl)propanoic acid (WCS)  

0.25 g P3 (0.5 mmol) were dissolved in 5 mL methanol. Then 3 mL of an aqueous solution 

containing 0.144 g (3.12 mmol) NaOH were added. The mixture was left under constant 

stirring at 25 ° C for 4 hours, after which it was neutralized with 0.1 M HCl solution. The 

solvents were vacuum removed (rotary evaporator) and the product obtained was purified 

by preparative chromatography, using SiO2 as stationary phase and a mixture 

chloroform:methanol 2:1 as mobile phase. 0.23 g WCS were finally obtained with a 95% 

yield. The final product was characterized by 1H-RMN, 13C-RMN, HRMS (Figures S1e, S2c 

and S3c, respectively in Supplementary Information) and FTIR. 

 

 

Scheme 2: Synthesis of CD-WCS 

 

3.4. Synthesis and functionalization of CDs (CD-WCS) 



The synthesis of CDs was carried out via a hydrothermal process following the procedure 

described by T. Díaz-Faes et al. [31] with minor modifications. Briefly, in a porcelain 

crucible, 2 g of citric acid (10.4 mmol) and 1 g of reduced glutathione (3.2 mmol) were 

dissolved in 10 mL MQW. The crucible was introduced in an oven at 180ºC for 2.5 h. At the 

same time, 1 mL water was added every 30 minutes by gently shaking the crucible in order 

to avoid the material to dry and its total pyrolysis.  Once the hydrothermal process finished, 

the crucible was let to cool down to room temperature and the product obtained, an intense 

orange gel, was dissolved in 10 mL MQW. The solution, containing the CDs was dialyzed 

against MQW for 6 hours (×2), using 3.5 kDa membrane tubes. The dialyzed product was 

vacuum concentrated in a rotary-evaporator, until the final volume was reduced to the third 

of the initial volume. The final concentrated solution, brown-orange colour, was lyophilized 

to obtain 0.3 g of a fibrous brown solid of CDs, which was kept at 4ºC until further use. 

For the surface functionalization of CDs with P4, two different solutions were prepared: a 

first one with 0.4 g CDs dissolved in 2.5 mL pyridine and a second solution containing 0.11 

g (0.2 mmol) P4 dissolved in 2.5 mL pyridine. Both solutions were then mixed in a flask and 

let to react at room temperature for 24 hours under constant stirring (360 rpm). Then, the 

solvent was vacuum removed and the dark orange solid obtained was dissolved in 5 mL 

MQW. The solution was centrifuged at 5200 rpm in order to eliminate any insoluble product 

and the supernatant liquid was dialyzed against MQW for 6 hours (×2), using 3.5 kDa 

membranes tubes. Once the solution was purified, the solvent was vacuum removed to the 

third of the initial volume. The concentrated solution was finally lyophilized yielding 0.09 g 

of a dark orange solid of CD-WCS (Scheme 2.1). 

 

3.5. Influence of pH on the photoluminescence of WCS and CD-WCS 

Solutions of WCS (10-5 M) and CD-WCS (1 ppm) were prepared in a universal Britton-

Robinson buffer and the desired pH between 2 and 12 was adjusted using the necessary 

amount of NaOH 0.4 M. The emission spectra of CD-WCS solutions at each pH were 

recorded by excitation at 345 nm and 395 nm, whereas that of WCS solutions were excited 

at 395 nm. 

 

3.6. Water determination in commercial toluene and in lubricant base oil.    



Commercial toluene (CT) was used to prepare individual standard solutions of 5×10-4 M 

WCS, 50 ppm CD-WCS and 480 ppm water in toluene (water saturated toluene).  From the 

last, by adequate dilution with CT, a 250 ppm water solution (Standard Water-Toluene 

Solution, SWTS) was prepared. The water content of SWTS was determined by coulometric 

Karl-Fischer titration.  In 5 mL flasks, 100 μL of the 50 ppm CD-WCS solution were added 

and dosed with the SWTS solution in concentrations of 0, 25, 75, 120 and 160 ppm water. 

Finally, each sample was diluted to final volume with CT. In the case of the lubricant base 

oil ISO-32, it was necessary to dilute the samples with CT in order to minimize the oil 

background fluorescence. Oil samples were diluted 0.1% v/v Oil/CT and analysed by 

standard additions following the same protocol as described for CT.  All the glassware was 

vacuum dried for, at least, 24 hours prior to its use. All the solutions once prepared were 

kept, with paraffin-sealed stoppers, in desiccators until use. Water content in all solutions 

was also determined by coulometric Karl-Fischer titration. 

 

4. RESULTS AND DISCUSSION 

4.1. Synthesis and morphological/functional characterization of CD and CD-WCS 

Schemes 1 and 2 show the different synthesis steps followed to obtain the water chemosensor 

molecule in its free form (WCS) and its linking to carbon quantum dots (CD-WCS). Both 

materials were obtained from P3. So, a simple alkaline hydrolysis in methanol of the methyl 

ester P3 allowed getting the WCS molecule. However, in the case of linking the WCS 

molecule to CDs surface, it was necessary to prepare the P4 intermediate, which was then 

bound to the CDs surface. The CDs were obtained in a bottom-up approach by the widely-

used hydrothermal method [32-34]. Two different carbon sources were used: citric acid and 

reduced glutathione, a tripeptide constituted by -Glu-Cys-Gly. Glutathione not only was a 

source of carbon, but also provided –NH2 and –SH functional groups to passivate the CDs 

surface and for further surface functionalization [35]. The ATR-FTIR spectrum of the 

obtained CDs (Figure 1) shows the presence of bands belonging to the functional groups 

present in the original glutathione, such as –COOH, –NH2 and –SH, thus indicating their 

persistence upon the hydrothermal synthesis (see also Table S1 in Supplementary 

Information). There are also a broad and weak band around 2530 cm-1, characteristic of the 

S-H stretching vibration of glutathione, another band around 1696 cm-1 attributable to 

stretching vibrations of carboxylic C=O and other one at 1600 cm-1, assignable to in-phase 



and out-of-phase stretching vibrations of the amide C=O group.  The typical broad band of 

carboxylic acids (coming from citric acid) appears at 3000 cm-1, whereas a weak band, 

belonging to the stretching vibrations of N-H groups, appears between 3400 and 3600 cm-1. 

The bands are slightly shifted and/or broadened due to the local nano-environment of the 

CDs and/or the synthesis process, which may change the strength of some bonds. 

 

 

Figure 1. ATR-FTIR spectra of neat CDs, P4 and CD-WCS.  

 

In order to confirm the presence of such functional groups on the CDs surface, the samples 

were analysed by XPS. The XPS spectrum, scanned from 1200 to 1 eV, clearly exhibits the 

peaks corresponding to C1s (286 eV), O1s (532 eV), N1s (400 eV) and S2p (160 eV), with 

low intensities in the case of the latter two elements. Figure 2 shows the high resolution 

spectra of the four elements. C1s spectrum was fitted using four different type of carbon 

atoms, positioned: at 284.2 eV (usually attributed to graphitic sp2 C=C structure), at 285.2 

eV indicating the existence of C-O, C-S and/or C-N bonds, at 286.6 eV belonging to C-S 

environment [36] and, finally, at 288.4 eV assignable to C=O amide group [37, 38]. 

 

 

 

 



 

Figure 2. XPS High Resolution C1s, O1s, N1s and S2p spectra for CDs. 

 

On the other hand, the N1s high resolution spectrum reveals the presence of three different 

components: a first one appearing at 398.9 eV, assignable to -N= [39], which points to a 

possible oxidation/deprotonation process of glutathione during the synthesis;  a second major  

band at 399.9 eV assignable to NH2 [40], and a third one at 400.9 eV due to the single C – 

N bond in the amide moiety, NHC=O [41]. The presence of all these nitrogen bands is 

compatible with the existence of glutathione-related structures in the surface of the CDs. In 

the case of O1s, three components were also found. The most intense one appears at 531.5 

eV and is assigned to C-O; the second one, with a medium intensity appears at 533 eV  due 

to the C=O bond [42] and the third band, the weaker one, appears at 534.8 eV and may be 

related with adsorbed water in the solid. S2p spectra shows two components: the most 

relevant at 163.1 eV is related to C-S bond (with a formal oxidation state of -2) and other 

weaker at 164.3 eV assigned to species in higher oxidation degrees [43].  XPS was used to 

explore the semi-quantitative chemical composition of the surface of CDs following the C1s, 

N1s, O1s and S2p photoelectron spectra, resulting in 62% C, 29% O, 5% N and 4% S (atomic 

%). These composition and percentages data are in good agreement with the expected 

composition of the CDs, prepared from glutathione and citric acid [31]. 

 

P3 should be bound to the quantum dots surface through the hydroxyl group at the end of 

the C-5 chain as the –OH group in the propyl chain is esterified, –CO–O–Me. So, the C-5  

hydroxyl group was activated through a bimolecular nucleofilic substitution (SN2) [44] with 



a good leaving group as mesyl chloride (Scheme 1d) to obtain the intermediate P4. The 

reaction between P4 and CDs also proceeded through an SN2 reaction (Scheme 2), in which 

pyridine acted as an activator, speeding up the reaction, by mopping up any proton released 

from –COOH or -SH groups (present on the CDs surface) during the course of the reaction. 

These groups, along with –NH2 also present on the CDs surface, may act as nucleophiles 

with loss of the mesyl leaving group and, in a concerted process, the CDs surface 

nucleophiles formed the corresponding bonds with P4, resulting in the CD-WCS (Scheme 

2) formation. 

 

The synthesis steps to obtain P4 were followed by 1H-NMR  and 13C-NMR and the HRMS 

and ATR-FTIR spectra of each intermediate compound (see Supplementary Information) 

were recorded, whereas the CD-WCS system was characterized using TEM and FTIR. 

Figure 1 shows the ATR-FTIR spectra of CD-WCS (red line) and that of the two main 

substances involved in its synthesis. The CD-WCS spectrum shows some of the 

characteristic bands of the starting compounds (see Table S1). The stretching vibrations of 

O–H bonds from unreacted carboxylic groups and unreacted N-H bonds on the CD surface 

appear overlapped as a broad and weak band between 3200 and 3500 cm-1.  Comparison of 

the same band present in the free CDs reveals that both the width and the intensity of the 

band have decreased, which is consistent with lower free functional groups due to their 

covalent reaction with P4. On the other hand, the band at 2600 cm-1, ascribed to the -SH 

groups, exhibits similar features in CD and CD-WCS spectra, which may be a proof that the 

reaction of P4 with CDs takes place preferably between carboxylic and amino groups. 

Additionally, the characteristic bands of P4 at 2932 cm-1 and 2984 cm-1, are assigned to 

stretching vibrations of C with hybridization sp3 and sp2 while bands at 1684 cm-1 and 1645 

cm-1 corresponding to stretching vibrations of C=O group are clearly seen also in the CD-

WCS spectrum. A shoulder around 1700 cm-1 from C=O of carboxylic groups [45] in CDs 

and CD-WCS is also detected. It is also interesting to observe that the FTIR spectrum of CD-

WCS is closely similar to the combination of P4 + CDs spectra. In fact, the only difference 

between them is the absence in the CD-WCS spectrum of the intense P4 bands due to the 

sulphonate group at 1345 cm-1 and 1199-1145 cm-1 (asymmetric and symmetric vibrations 

of S=O, respectively). All these data confirm the proper functionalization of CD with P4. 

The HRTEM images (Figure S4) showed that both CDs and CD-WCS appear as spheres 

with a certain degree of crystal structure and a mean lattice parameter 0.24 nm. This value 

agrees with that of graphene [1 0 0] planes [46]. CDs and CD-WCS particle size 



measurements were taken in a random particle selection of 264 items. Size histograms of 

both types of particles (Figure S5) showed a monodisperse Gaussian distribution, having the 

nanoparticles a diameter within the range of 2.5-3.0 nm. Therefore, functionalization did not 

affect significantly the dimensions of the carbon dots. 

 

4.2.UV-vis and luminescence spectroscopic characterization 

The UV-vis absorption spectrum of neat CDs (Figure 3) shows an intense absorption band 

at 248 nm and a less intense one at 350 nm. The first band is attributed to π-π* transitions in 

the sp2 dominions of the CDs (bonds C=C and N=C) [47], whereas the latter one arises from  

n-π* transitions corresponding to C=O bonds. The absorption spectrum of the WCS 

molecule (see Scheme 1), shows several absorption bands: one intense band with maximum 

intensity at 240 nm, a shoulder around 277nm and a broader and lower intensity band at 395 

nm. The CD-WCS spectrum shows an intense band at 254 nm (14 nm red-shifted respect to 

the 240 nm band of WCS) and a broad band at 365 nm (30 nm blue-shifted respect to the 

395 nm band of WCS).  However, it is worth noting the presence of absorption side shoulders 

at 350 nm and 397 nm in the CD-WCS band centred at 365 nm, indicating that this band 

may be a composite of, at least, two individual components, estimated to be the 350 nm band 

of CDs and the 395 nm band of WCS, which indicates the successful grafting of WCS on 

the CDs surface. 

 

 

Figure 3. Normalized absorption spectra of WCS (──), CDs (──) and CD-WCS (──) 



 

The photoluminescence spectra of CDs show an excitation band with maximum intensity at 

350 nm and an emission band with maximum intensity at 440 nm with mirrored symmetry. 

A high quantum yield of 49% was calculated, which is consistent with the quantum yield 

obtained for similar CDs from different sources (Table S2). On the other hand, WCS in water 

exhibits an excitation band with maximum intensity at 395 nm and an emission band with 

maximum intensity at 535 nm.  CD-WCS, for its part, presents two light emitters (CD and 

WCS) in the same system. Usually, the close proximity of luminescent systems induces non-

radiative energy transfer and extensive intermolecular interactions, thus resulting in emission 

self-quenching [48]. This effect, however, was not observed in CD-WCS. As seen in Figure 

4, upon excitation of CD-WCS at 350 nm (corresponding to the CD excitation maximum), 

not only the band at 445 nm due to CD emission was observed, but also a band of lower 

intensity at 535 nm due to WCS emission as result of the partial overlapping of the WCS 

excitation band with that of the CDs. Neither energy transfer nor spectral shifts were 

observed in this situation.   When the CD-WCS system was excited at 395 nm (corresponding 

to the WCS excitation maximum), only the emission band due to WCS was observed. A 

negligible emission shoulder appeared at ca. 440 nm owing to the CDs as result of the 

marginal overlapping of CD and WCS excitation spectra.  Therefore, in this case, no 

quenching due to aggregation of WCS on the CD surface was observed nor influence of the 

CD luminescent system on the WCS emission. The luminescent emission of CD-WCS upon 

the different excitation wavelength can be observed in the inset of Figure 4.  When excited 

at 350 nm (CD excitation maximum) CD-WCS showed a 51% quantum yield (close to that 

of neat CDs), but only 16% was calculated when excited at 395 nm (absorption maximum 

of the WCS). Consequently, WCS and CD hold together in the same system (CD-WCS) did 

not modify/interfere their respective luminescent properties and WCS can act as the 

signalling moiety for water recognition while the CDs may act as the lubricant additive to 

improve lubricant tribological properties.  

  



 

 

Figure 4. Excitation spectra (dashed lines) and emission (solid lines) of CD-WCS (blue line, 

λexc: 350 nm, green, λexc: 395 nm) and WCS (red, 1x10-5 M water solution).  

 

4.2.1 Luminescence emission mechanism of the WCS probe in aqueous media. 

The rationale behind the luminescence emission of WCS is a photoinduced electron transfer 

(PET) process. The basic concept relies on the molecular format that includes a three-module 

“lumophore-spacer-receptor” arrangement, which allows electron transfer from the receptor 

to the lumophore (or conversely). The PET process and luminescence are competitive 

processes when the recognition moiety is free but upon binding of the target analyte, the PET 

process is suspended and luminescence is turned on (Figure 5). In other words, the 

fluorescence can be switched “off” and “on” by removal or introduction, respectively, of the 

target analyte.   
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Figure 5. Luminescent PET sensing principle. 

 

In aqueous solution, the structure of the WCS molecule offers the possibility to be used as 

pH fluorescent PET chemosensor: in the absence of protons the fluorescence of the excited 

luminophore is quenched by the occurrence of PET processes from the lone pairs of the two 

amine groups of the piperazine unit to the naphthalimide fluorophore. As the concentration 

of protons increases, the piperazine amine groups starts to protonate and the fluorescence of 

the luminophore begins to revive until the original intensity at pH 2.  In the intensity versus 

pH profile in Figure 6,  two inflection points at pH 3.10 and 7.45 could be observed, which 

agreed with the pKa1 (3.81) and pKa2 (8.4) reported for 1,4-disubstituted piperazine [49]. 

Below pH 4.0, upon protonation of the carboxylic group (pKa ~3-4 for short chain carboxylic 

acids) [50],  the efficiency of the PET process was reduced even more.  No other spectral 

changes but the fluorescence intensity were observed as pH changed in the pH 2-12 range 

as can be observed in Figure S6.  On the other hand, the On-Off process is reversible as it is 

related to the equilibria between: a) the zwitterionic structure and the di-protonated 

piperazine  (pKa = 3.09) and b) the zwitterionic structure and the non-protonated piperazine 

(pKa =7.45), a fact that has been also confirmed in other studies [51] 

 

 



 

 

Figure 6. Modulation of the WCS fluorescence intensity (at 530 nm) following protonation 

of amine and carboxylic groups and proposed PET sensing mechanism (λexc= 395 nm [WCS] 

= 1x10-5 M) 

 

It is interesting to note that in aqueous solution, CD-WCS (WCS immobilized onto the 

surface of CDs) exhibited the same behaviour that free WCS, what suggests that the 

immobilization did not modify its capability to recognize H+ through a PET process similar 

to the already described one (see Figure S7). Besides its potential as pH chemosensor, we 

could observe that the fluorescence of WCS also depended on the polarity of the medium, 

as can be seen in Figure 7 for WCS in different solvents. A considerable red-shift is observed 

when increasing the solvent polarity, which is ascribed to the solvent reorientation around 

the excited state of WCS. This results in a reduction of the energy gap between the ground 

and excited state and thus a decrease of the energy emitted by the molecule.  



 

 

Figure 7. Solvatochromic red shift of WCS versus dielectric constant of the solvent     

 λexc = 395 nm. In all solvents [WCS] = 1x10-5 M.   

 

In a water saturated toluene mixture, free WCS did not exhibit solvatochromism and only a 

negligible fluorescence intensity change was observed. A possible explanation for this fact, 

taking into account that water solubility in toluene has been reported to be 2.66 ×10-2 

mol.dm-3 (480 ppm) [52], could be related with the toluene/water interface: H-bond 

interactions of WCS within interfacial water are less effective than with bulk water owing 

to an enhancement of the water structure and the H-bond network [53].  

 

4.3. Water quantification in non-aqueous media. 

In the light of the solvatochromic behaviour of WCS and with the aim to evaluate the 

potential of CD-WCS for sensing water in non-aqueous media, we selected toluene as model 

solvent. We could observe that toluene solutions of CD-WCS exhibited a weak fluorescence 

at 500 nm when excited at 395 nm (see Figure 8). However, when the water content in the 

toluene CD-WCS solution was increased, the fluorescence intensity of the CD-WCS also 

increased in a proportional manner and a weak solvatochromic blue shift (ca. 40 nm) was 

observed  as should be expected due to the lower polarity index of toluene (2.4) compared 



to that of water (10.2) [54].  So, as an initial project to test the CD-WCS utility as a 

fluorimetric sensing material, we tested its recognition behaviour for water contamination in 

toluene. Taking into consideration the experimental difficulties to work with anhydrous 

toluene, a commercial toluene with a low water content was used (CT). The concentration 

of water was, then, determined using the standard addition method as described in the 

Experimental Section, whose analytical figures of merit are summarized in Table 1. The 

water concentration in the commercial solvent was found to be 27 ± 3 ppm using the 

proposed CD-WCS sensing material.  The validation of the methodology was carried out by 

coulometric Karl-Fischer titration (Table 1). 

 

Table 1. Analytical performance characteristics of the fluorimetric determination of water 

in toluene using CD-WCS as sensing material. 

 

 

 

 

 

 

 

 

 

 

 

In Table 1, the content of water using the CD-WCS in toluene showed a strong correlation 

with those obtained using the Karl-Fischer titration (R2 = 0.9986) (Figure S8).  In Figure S9, 

the spectra of CD-WCS in different pure solvents show a red-shift in the emission maximum 

from 490 nm in toluene to 502 nm in THF and to 520 nm in ACN, DMSO, isopropanol and 

ethanol. Trace contamination of these solvents in analytical grade toluene would have a 

marginal influence on the intensity of the emission maxima of CD-WCS in toluene.  So, CD-

WCS material could be helpful for rapid and semi-quantitative determination of minor and 

trace water contamination in low polarity solvents. At this point, we should like to comment 

that, up to now, only a few modified CDs have been reported as sensing materials for water 

determination in non-aqueous media (Table 2). In these systems, the detection limits for 

water determination ranged from 0.01 % v/v using cobalt chloride as CDs modifier [55] in 

Figure of merit Value 
Calibration line equation y = (1.02± 0.03).103.x + (28 ± 3).103 

Regression coefficient 0.995 

Linearity (%) 98.9 

Dynamic linear range DL – 200 ppm (0.02 % v/v) 

Limit of detection (IUPAC) 1.2 ppm (0.00012 % v/v) 

Limit of quantification 4.0 ppm (0.00040 % v/v) 

Relative Standard Deviation 12.3 % 

 

Validation 

 

Spiked H2O, ppm Found H2O, ppm 

CD-WCS Karl-Fischer 

0 27 ± 3 20 ± 2 

23 54 ± 5 43 ± 4 

69 101 ± 9 89 ± 9 



ethanol to 0.32 % v/v in DMF [56], while data were not validated using an alternative 

method. 

 

 

Table 2. Recent works on the use of CDs mediated sensing materials for water determination in 

organic solvents. 

CDs starting 

materials 

Sensing 

mechanism 
Solvents 

Detection 

limit, % v/v 
Validation Ref. 

o-phenylene-

diamine 

H bonds, 

dipole-dipole 

Acetone 

Acetonitrile THF 

0.19            

0.18       

0.13 

NO [26] 

Sodium citrate 

+ carbamide + 

Cobalt chloride 

ICT 

Ethanol     

THF         

1,4-dioxane 

0.01 

 ----             

---- 

NO [55] 

Chitosan   
PET 

of  PPQ probe  

DMSO  

Ethanol  

DMF 

0.023 

0.092 

0.32 
NO [56] 

Ammonium 

citrate + 

amorphous 

calcium 

carbonate 

Phase transition  

Acetonitrile 

Ethanol 

THF 

Acetone 

0.0015  

 
NO [57] 

Citric acid + 

Glutathione 

PET  

of WCS probe 

Toluene 

ISO-32 base oil 

 

0.00012 YES 
This 

work 

THF: tetrahydrofuran 

ICT: internal charge transfer 

DMSO: dimethylsulfoxide 

PPQ: 4-(pyridine-2-yl)-3H-pirrolo[2,3-c]quinoline 

PET: photo-electron transfer 

 

Based on these grounds, a more complicated sample, the lubricant base oil ISO-32 gently 

provided by Repsol, was selected to evaluate the performance of CD-WCS as water 

chemosensor. Firstly, we explored the intrinsic fluorescent properties of the ISO-32 oil, 

observing that it showed an intense fluorescence band with maximum intensity at 413 nm 

when excited at 395 nm. In order to minimize such background fluorescence, oil samples 

were diluted in CT and a solution of 0.1% v/v ISO-32 oil in CT was used as the sample. In 

Figure S10a, we can observe that as the water concentration increased the fluorescence 

intensity at ca. 500 nm due to CD-WCS also increased, which confirms the response of the 

sensor to the water content in the oil. The standard addition calibration was performed 

(Figure S10b) and the analytical performance characteristics are collected in Table 3 and a 



good correlation between the data provided by the CD-WCS sensing nanomaterial and the 

Karl-Fischer method (see Figure S8) was obtained. 

. 

Table 3. Analytical performance characteristics of the fluorimetric determination of water 

in ISO-32 oil by standard additions method using CD-WCS as sensing material. 

 

 

 

 

 

 

 

 

 

The present CD-WCS may also play a second role as antiwear and antifriction additive in 

lubricating oils. Our preliminary work on this direction showed that free glutathione CDs 

showed excellent anti-friction and anti-wear properties when added to a base oil ISO-68 in 

a 0.5% w/v [1]. A reduction of the friction coefficient of a 36% and a wear reduction of 10% 

respect to the high viscosity ISO-68 oil were found and these data compared very favourably 

with those published for CDs used as additives in lubricants of very low viscosity (see 

additional information and Table S3 in Supplementary Information).  

 

4.4.  CD-WCS sensing mechanism in non-aqueous media. 

A plausible explanation for the marginal overestimation of water content in non-aqueous 

media using the CD-WCS probe could be due to the sensing mechanism involved, in which 

two different phenomena could act simultaneously, so that not only the water content (PET 

process) but also the polarity of the probe nano-environment (solvatochromism) were 

measured. The two processes could be summarized as: 

a) In absence of water, the piperazine group plays an essential role, as it behaves as a 

donor by transfer electrons to the nearby photoexcited naphthalimide moiety, which 

emission is substantially quenched. On increasing the water content fluorescence is 

enhanced due to hydrogen bonding interactions established between the piperazine 

N atoms and water molecules (Figure 8). After these interactions, the lone electron 

Figure of merit Value 

Calibration line equation y = (1.30 ± 0.04)x +  (34 ± 4) 

Regression coefficient 0.997 

Linearity (%) 98.9 

Dynamic linear range Detection limit – 200 ppm (0.02%v/v) 

Limit of detection (IUPAC) 1.4 ppm  (0.00014%v/v) 

Limit of quantification 4.7 ppm  (0.00047%v/v) 

Relative Standard Deviation 12.7 % 

Water content in  ISO-32 oil 
CD-WCS Karl-Fischer 

17±4 ppm  12 ppm 



pairs on the piperazine N atoms are not available for the PET process. Thus, the 

fluorophore can release the photonic energy in the radiative mode.  

b) The fluorescent moiety in CD-WCS is also sensitive to the solvent polarity as we 

could prove. So, in this particular case, concomitant to the inhibition of the PET 

process as the water content increased, the polarity of the nano-surroundings was 

also increasing and a modest reversal (negative) solvatochromism could be observed 

in the fluorescence spectra (Figure 8). This reversal solvatochromism in the binary 

mixture toluene-water, in comparison with the free WCS dissolved in dry solvents 

(Figure 7), could be explained by the blocking of n-electrons in the piperazine moiety 

through intermolecular H-bonds with water molecules which, in turn, stabilizes the 

ground state of the probe. The phenomenon of reversal solvatochromism is complex 

and it has been attributed not only to the solvent polarity but also to dye structural 

changes, charge transfer processes, interaction of the dye/solvent and hydrogen 

bonding ability between dye and solvent [58, 59]. Although only Machado’s group 

have reported the first cases of reversal solvatochromism in solvent binary mixtures 

[60, 61], in our knowledge, this is the first with an analytical application.   

 

 

 

Figure 8. Dependence of the fluorescence emission spectra of CD-WCSs in toluene with 

water content. λexc= 395 nm. “Wet” toluene (commercial toluene with a water content of 20 



ppm determined by the Karl Fischer method). Inset: Proposed PET inhibition-reverse 

solvatochromic sensing mechanism of CD-WCS  

 

Another question that arises is why the CD-WCS is sensible to the water content in 

toluene/water mixtures while free WCS doesn’t.  A reason can be proposed to explain such 

difference: the presence of the CDs (absent in the free WCS) could be the driving force for 

the CD-WCS partitions at the water-toluene interface, with the fluorophore immersed in the 

aqueous phase while the CD could be in contact with both phases due to its solubility in 

both. It is only a hypothetic picture of the system and further investigations to obtain a 

comprehensive image of the processes at the water/toluene interface are needed.     

 

5. CONCLUDING REMARKS. 

The present paper illustrates the immense possibilities that the PET sensing molecule WCS 

has not only as chemosensor for H+ in aqueous media but also once upon bound to CDs (CD-

WCS). Besides, due its solubility in non-aqueous media, an advantage of the developed CD-

WCS sensing nanomaterial is its sensibility to the solvent polarity. Furthermore, fluorescent 

CD-WCS chemosensor can be used for the quantitative determination of water 

contamination in non-aqueous media, such as toluene and lubricant oils. There is an excellent 

correlation between the water content determined by the CD-WCS sensor and the results 

obtained by the standard Karl Fischer titration.  It is also interesting to note, that most of the 

CDs described as lubricant additives were used in very low viscosity media (water, poly-

ethylene glycol) while CD-WCS worked in a high viscosity oil, which is a distinct advantage 

of our system.  In this work, emphasis was put on the understanding of the WCS recognition 

mechanism of H+ and the CD-WCS signalling mechanism of water contamination in non-

aqueous media.  

During this study, we noted that the photoluminescence properties (excitation and emission 

spectra, PET response mechanism) of the fluorescent PET probe was not perturbed by its 

link to the CD, thanks to the 5-C spacer between the them. Also, we could observe that both 

free glutathione CDs as well as CD-WCS were highly soluble in the lubricant oil used in this 

study.  An important consequence of these facts is the potential of the CD-WCS to be used 

also as green additive to bio-based lubricants. It should be emphasized that a wide horizon 

is open to further investigation and progress is still to be made regarding the applicability of 

the CD-WCS to simultaneously act as green anti-friction/anti-wear additive and as water 

contamination sensing probe in complex samples such mineral and biodegradable oils.   
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Figure S1. 1H-RMN spectra of the different synthesis products. 

 

a) 6-bromo-2-(5-hydroxypentyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (P1): 

 
1H NMR (300 MHz, Chloroform-d) δ 8.68 (dd, J = 7.3, 1.2 Hz, 1H), 8.59 (dd, J = 8.6, 1.2 Hz, 

1H), 8.43 (d, J = 7.9 Hz, 1H), 8.06 (d, J = 7.9 Hz, 1H), 7.87 (dd, J = 8.5, 7.3 Hz, 1H), 4.27 – 4.15 

(m, 2H), 3.69 (t, J = 6.4 Hz, 2H), 1.78 – 1.62 (m, 3H), 1.60 – 1.44 (m, 2H). 

 

b) 2-(5-hydroxypentyl)-6-(piperazin-1-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione) (P2): 

  
1H NMR (300 MHz, Chloroform-d) δ 8.68 – 8.50 (m, 2H), 8.48 – 8.37 (m, 1H), 7.83 – 7.66 (m, 

1H), 7.25 (d, J = 8.3 Hz, 1H), 4.21 (t, J = 7.4 Hz, 2H), 4.04 (d, J = 27.6 Hz, 1H), 3.68 (t, J = 6.4 

Hz, 2H), 3.28 (d, J = 5.8 Hz, 7H), 1.88 – 1.62 (m, 6H), 1.53 (q, J = 8.1 Hz, 2H). 



 

c) Methyl 3-(4-(2-(5-hydroxypentyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-

yl)piperazin-1-yl)propanoate (P3):  

 
1H NMR (401 MHz, Chloroform-d) δ 8.54 (dd, J = 7.2, 1.2 Hz, 1H), 8.47 (d, J = 8.0 Hz, 1H), 

8.37 (dd, J = 8.4, 1.2 Hz, 1H), 7.66 (dd, J = 8.5, 7.3 Hz, 1H), 7.18 (d, J = 8.1 Hz, 1H), 4.15 (t, 

2H), 3.73 (s, 1H), 3.71 (s, 3H), 3.64 (t, J = 6.5 Hz, 2H), 3.27 (t, J = 4.8 Hz, 4H), 2.84 (t, J = 7.2 

Hz, 2H), 2.79 (t, J = 4.7 Hz, 4H), 2.59 (t, J = 7.2 Hz, 2H), 1.75 (tt, J = 9.0, 6.7 Hz, 2H), 1.64 (dq, 

J = 8.7, 6.6 Hz, 2H), 1.48 (tdd, J = 9.3, 6.6, 3.5 Hz, 2H). 

 



 

d) Methyl 3-(4-(2-(5-((methylsulfonyl)oxy)pentyl)-1,3-dioxo-2,3-dihydro-1H-

benzo[de]isoquinolin-6-yl)piperazin-1-yl)propanoate (P4):  

 
1H NMR (401 MHz, DMSO-d6) δ 8.37 (ddd, J = 13.4, 7.9, 1.1 Hz, 2H), 8.27 (d, J = 8.0 Hz, 1H), 

7.74 (dd, J = 8.4, 7.3 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 4.17 (t, J = 6.4 Hz, 1H), 3.92 (q, J = 7.4, 

6.3 Hz, 2H), 3.74 – 3.40 (m, 10H), 3.28 (t, J = 12.4 Hz, 2H), 3.12 (s, 1H), 2.88 (t, J = 7.5 Hz, 2H), 

1.78 – 1.61 (m, 3H), 1.58 (h, J = 7.9 Hz, 3H), 1.38 (p, J = 7.7 Hz, 3H). 

 

 
 

e) 3-(4-(2-(5-hydroxypentyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-

yl)piperazin-1-yl)propanoic acid (WCS): 

 
1H NMR (401 MHz, DMSO-d6) δ 8.50 – 8.32 (m, 3H), 7.79 (dd, J = 8.5, 7.3 Hz, 1H), 7.31 (d, J 

= 8.1 Hz, 1H), 4.34 (s, 1H), 4.00 (t, J = 7.4 Hz, 2H), 3.38 (t, J = 6.4 Hz, 2H), 3.22 (t, J = 4.5 Hz, 

4H), 2.79 – 2.66 (m, 6H), 2.47 (t, J = 7.0 Hz, 2H), 1.61 (p, J = 7.6 Hz, 2H), 1.52 – 1.40 (m, 2H), 

1.40 – 1.26 (m, 2H). 



 
 

 

 

Figure S2. 13C-RMN spectra for synthesis products P3 and WCS. 

 

a) Methyl 3-(4-(2-(5-hydroxypentyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-

yl)piperazin-1-yl)propanoate (P3):  

 
13C NMR (101 MHz, CDCl3) δ 172.82, 164.51, 164.04, 155.87, 132.55, 131.08, 130.25, 129.83, 

126.11, 125.62, 123.21, 116.69, 114.92, 77.36, 77.04, 76.72, 62.69, 53.49, 52.96, 51.74, 40.05, 

32.40, 32.16, 27.85, 23.25. 

 



 

b) Methyl 3-(4-(2-(5-((methylsulfonyl)oxy)pentyl)-1,3-dioxo-2,3-dihydro-1H-

benzo[de]isoquinolin-6-yl)piperazin-1-yl)propanoate (P4):  
13C NMR (101 MHz, DMSO) δ 171.93, 163.80, 163.28, 154.12, 132.33, 131.15, 130.67, 

129.19, 126.86, 125.67, 122.80, 117.05, 116.17, 70.81, 51.96, 51.84, 49.81, 45.65, 40.40, 40.19, 

40.09, 39.98, 39.77, 39.57, 39.36, 39.15, 36.96, 32.11, 29.05, 28.66, 27.41, 27.16, 24.19, 22.91. 

 

c) 3-(4-(2-(5-hydroxypentyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-

yl)piperazin-1-yl)propanoic acid (WCS): 



13C NMR (101 MHz, DMSO) δ 173.86, 163.97, 163.44, 155.97, 132.60, 131.07, 130.90, 129.54, 

126.47, 125.76, 123.03, 116.05, 115.53, 60.96, 53.62, 52.96, 52.83, 40.64, 40.43, 40.22, 40.01, 

39.80, 39.59, 39.39, 32.70, 32.16, 27.95, 23.54 

 

Figure S3. High-Resolution Mass Spectra of P3, P4 y WCS using a positive ionization mode. 

 

a) Methyl 3-(4-(2-(5-hydroxypentyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-

yl)piperazin-1-yl)propanoate (P3):  

 

 



b) Methyl 3-(4-(2-(5-((methylsulfonyl)oxy)pentyl)-1,3-dioxo-2,3-dihydro-1H-

benzo[de]isoquinolin-6-yl)piperazin-1-yl)propanoate (P4):  

 

 

 

c) 3-(4-(2-(5-hydroxypentyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-

yl)piperazin-1-yl)propanoic acid (WCS): 

 

 

 

 

 

 

 

 

 



 

Figure S4 HR-TEM images of (a) CDs, in which some nanoparticles have been highlighted in 

circles, (b) interplanar spacing of CDs, c) CD-WCS, with circles standing out some nanoparticles, 

d) interplanar spacing and crystalline orientations present in CD-WCS.   

 

 

 

 

 

 

 

 

 



 

Figure S5.   Size histograms of a) CDs and b) CDs-WCS based on a random population of 264 

nanoparticles,  colour envelope showing the normal distribution N(μ, σ).  

 

 

 

 

 

 



 

 

 

Figure S6. Fluorescence emission of  free WCS as a function of pH. λexc = 395 nm 

[WCS] = 1 x 10-5M 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S7. Fluorescence emission of  CD-WCS as a function of pH. 

 λexc = 345 nm    [CD-WCS] = 1 ppm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S8. Scatter plot showing the correlation between data obtained by the Karl-Fischer method 

and by the CD-WCS chemosensor.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S9.  Fluorescence spectra of CDs-WCS in different pure solvents. Dotted line indicates 

the maximum emission of CDs-WCS in toluene and in toluene-water mixtures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S10. (a) Fluorescence emission spectra of base oils solutions ISO-32/toluene 0.1 % v/v 

without WCS-CDs (blue), and with WCS-CDs (1 ppm) and growing amounts of water. (λexc= 395 

nm). (b) Calibration line using the standard additions method. 

 

 



 

 

Table S1. FTIR bands of the precursor reagents of CDs  

 

 Bands, cm-1 Functional Group [1]. 

 

 

Glutathione 

 

3.250 N-H stretching 

2.525 S-H stretching 

1.700 C=O carboxylic group stretching 

1.613, 1.628 In-phase and out-of phase C=O amide stretching 

vibration  

1.597 N-H scissoring 

1.536, 1.555 N-H bending and C-N stretching in amide group 

 

Citrate 

3.452  O-H  stretching 

1.595  Asymmetric stretching of C=O (carboxilate)  

1.400  Symmetric stretching of C=O (carboxilate)  

 

 

Table S2. Comparative luminescent quantum yield of carbon dots from different starting 

materials and synthetic methods.  

 

Carbon  quantum dots Synthesis method Ф, Quantum 

yield (%) 

Reference 

N-CDs Hydrothermal 16 [2] 

N-GQDs Hydrothermal 34.5 [3] 

C-nanodots Microwave assisted pyrolysis 30.2 [4] 

CQDs Microwave  10 [5] 

GQDs Pulsed laser ablation 12 [6] 

Polydopamine-CDs Microwave assisted pyrolysis 5 [7] 

Chitosan-CDs Carbonization 4.34 [8] 

CDs Hydrothermal 49 This work 

       GQDs: Graphene quantum dots 

 

Table S3. Comparison of tribological performance characteristics of CDs from different sources 

CD precursors 

Lubricant  

Viscosity 

(cSt)   

Friction 

coefficient 
Wear 

Concentration 

w/v, % 
Ref. 

Sodium citrate + 

sodium thiosulphate 

  

Water               

1  
   -30%  -58% 1,25 [9] 

BSA 
Water                

1  
+25% +600% N.P. [10] 

Citric acid + 4-amine-

diphenylamine 

PEG 200                

4,4  
  -75% -42% 1 [11] 



BSA: Bovine serum albumin 

N.P. Not provided 

PEG: poly-ethylene-glycol 

[AmIm][Br]: ionic liquid 1-aminopropyl-3-methyl-imidazolium bromide 

 

Tribological characterization test 

 

In this work, the tribological characterization of the glutathione carbon dots (CDs) as lubricant 

additives was evaluated using suspensions of the CDs in base oil ISO-68 with concentrations of 

0.1%, 0.25% and 0.5% w/v. Samples were sonicated for 15 minutes in order to improve the 

dispersion process. The tribological assay was carried out employing 4.5 mL of CD lubricating 

suspension in a tribometer BRUKER UMT 3 with a reciprocating ball-on-plate configuration, 

with upper chrome plated steel AISI 52100 balls (9.5 mm diameter, 63 HRC hardness, <0.05 μm 

of surface finish (Ra). The lower AISI 52100 steel disks (190-210 HV30 hardness, < 0,02 μm of 

surface finish (Ra). 20-min tests were performed under a normal load of 60N (corresponding to 

an average Hertzian contact pressure of 1.6 Gpa), with a stroke length of 4 mm and 15 Hz of 

reciprocating frequency.  Wear scar of the disks was measured using a confocal microscope. At 

least, three tests were performed for every CD lubricating suspension. To ensure repeatability, 

new balls and disks were used for each test.  Prior to testing, all components were cleaned with 

heptane using ultrasound for 5 minutes, rinsed with ethanol and air dried. 
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