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Visually perceptible color changes of smart stimuli-responsive 

materials are attracting attention for use in sensor platforms. 

In this regard, the design and development of hydrochromic 

materials that undergo changes in their emission in the 

presence of water is of high importance to detect and quantify 

water content in organic solvents, which is fundamental for 

laboratory safety and numerous industrial applications. The 

work demonstrates the “structure-hydrochromic property” 

relationship of the carbon dots and assesses their capability as 

eff ective “water sensors” to identify the presence of water in 

various protic and aprotic organic solvents.

As featured in:

See Anitha Senthamizhan, 
Despina Fragouli, 
Athanassia Athanassiou et al., 
Nanoscale Adv., 2019, 1, 4258. 

rsc.li/nanoscale-advances



Nanoscale
Advances

COMMUNICATION

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 1
2:

41
:5

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Hydrochromic ca
aSmart Materials, Istituto Italiano di Tecnolo

senthamizhan@iit.it; dranitha35@gmail.co

athanassiou@iit.it
bNanoregulatory Platform, PharmaChemist

Development, Istituto Italiano di Tecnologia
cInstitute of Materials Science & Nanotechn

Turkey
dDepartment of Fiber Science and Apparel D

University, Ithaca, NY, 14853, USA
eNanochemistry Department, Istituto Italian

† Electronic supplementary informa
10.1039/c9na00493a

Cite this:Nanoscale Adv., 2019, 1, 4258

Received 9th August 2019
Accepted 16th September 2019

DOI: 10.1039/c9na00493a

rsc.li/nanoscale-advances

4258 | Nanoscale Adv., 2019, 1, 4258–4
rbon dots as smart sensors for
water sensing in organic solvents†

Anitha Senthamizhan,*a Despina Fragouli,*a Brabu Balusamy,b Bhushan Patil,c

Milan Palei,e Stefania Sabella, b Tamer Uyarcd and Athanassia Athanassiou*a
Smart, stimuli-responsive, photoluminescent materials that undergo

a visually perceptible emission color change in the presence of an

external stimulus have long been attractive for use in sensor platforms.

When the stimulus is the presence ofwater, thematerials that undergo

changes in their light emission properties are called hydrochromic and

they can be used for the development of sensors to detect and

quantify the water content in organic solvents, which is fundamental

for laboratory safety and numerous industrial applications. Herein, we

demonstrate the preparation of structurally different carbon dots with

tunable emission wavelengths via a simple carbonization approach

under controlled temperature and time, involving commercial brown

sugar as a starting material. The detailed experimental analysis reveals

the “structure-hydrochromic property” relationship of the carbon dots

and assesses their capability as effective water sensors. The carbon

dots that were proved most efficient for the specific application were

then used to identify the presence of water in various aprotic and

protic organic solvents via a sensing mechanism based either on the

fluorescence wavelength shift or on the fluorescence intensity

enhancement, respectively, attributed to the formation of intermo-

lecular hydrogen bonds between carbon dots and water molecules.

This is the first demonstration of structurally defined carbon dots in

a specific application. The developed carbon dots, apart from being

environmentally friendly, were proved to also be biocompatible,

enabling this presented process to be a path to “green” sensors.
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Introduction

Visually perceptible color changes in smart stimuli-responsive
materials are desirable in sensing applications. To date, enor-
mous progress has been made in this area: solvent, vapor, light,
pH and humidity-responsive materials that undergo changes in
their light absorption and/or emission properties have shown
great potential in practical sensing uses.1–6 Among the afore-
mentioned targets, the detection and quantication of water in
organic solvents has become of utmost importance for
numerous industrial applications and has also attracted
considerable interest in laboratory safety.7–9 In this context,
certain chemical processes must be carefully designed and
performed in order to ensure safe operation in scientic labo-
ratories. For instance, water in Grignard reagents can create an
exothermic reaction that may cause a ame. It is also well
known that water in organic solvents acts as a major impurity
component, causing detrimental and hazardous effects to many
chemical and industrial processes. Karl-Fischer titration has
already proved to be a promising analytical method for detect-
ing water in solvents.10 Although the procedure is precise, it
tends to be disadvantageous due to the requirement of
specialized instruments, well-trained personnel, and impos-
sible real-time on-site detection.

As an alternative, luminescent water-responsive sensors
attract more and more attention, due to their simple opera-
bility, high sensitivity, on-site convenience and facile way of
detecting trace amounts of water.11–17 Even though there are
various types of luminescent sensors for humidity,18–24 very few
systems for detecting the water content in organic solvents have
been presented in the literature.25 These systems have certain
limits since synthesis routes of such materials are usually
complex, making them time-consuming and expensive. Addi-
tionally, their levels of toxicity further restrict their wide usage.

To be easily applicable for water detection in organic
solvents, a luminescent water sensing material must have
several important characteristics. First, it should possess high
sensitivity/responsivity towards low fractions of water in organic
This journal is © The Royal Society of Chemistry 2019
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solvents. Second, the water-induced transition of its emission
color should be perceivable by the naked eye. Finally, both the
synthesis of the material and the fabrication of the sensor
system should be relatively simple and nonhazardous for the
environment.

Fluorescent carbon dots have been proven to be promising
materials for chemical and biological sensing.26–35 Accordingly,
the preparation of multicolor emitting carbon dots has received
considerable attention. It is widely acknowledged that carbon
dots are composed of conjugated sp2 domains and surface
functional groups, both contributing to their emission charac-
teristics that can be classied into two categories: (I) excitation-
dependent luminescence and (II) excitation-independent
luminescence.36–42 For excitation-dependent luminescence, the
emissionmodes depend on various surface defects such as C–O,
C]O, O]C–OH, which can introduce different energy levels
that dominate the luminescence spectra depending on the
excitation energy; this kind of emission is dened as “surface
state emission”. In the case of excitation-independent lumi-
nescence, the emission is attributed to the p–p* transition of
the sp2 carbon and therefore it is called “intrinsic emission”.
Specic synthetic strategies that can take advantage of these two
types of emission are used for the formation of multiple color
emitting carbon dots.32–34,43–46 Nevertheless, few studies report
the systematic optimization of such carbon dots developed
through carbonization.43,47–57 Additionally, signicant research
reports have shown the solvent-dependent emission of carbon
dots.58–60 However, their hydrochromic properties are rarely
discussed and for this reason, it is not known if some of these
carbon dots also possess hydrochromic characteristics.
Recently, two reports have proved that the carbon dots act as
visual sensors of the water content in organic solvents.61,62 In
one of the reports, Chao et al. observed that the emission of the
carbon dots in organic solvents was gradually red shied when
the content was increased and consequently, the color change
from cyan to orange was noted.61 In another report, the uo-
rescence of carbon dots was quenched in the presence of
water.62 Nonetheless, the demonstrated hydrochromic proper-
ties of the carbon dots, descriptive insight on solvent dependent
hydrochromism and the impact of structure on the hydro-
chromic characteristics were not provided.

In this context, we present a study on the structure-
dependent hydrochromic properties of the carbon dots, which
assesses their capability as effective water sensors. To evaluate
this concept, we have prepared ve structurally different carbon
dots (CD1, CD2, CD3, CD4 and CD5), with tunable emission
wavelength, in a single step using brown sugar as the only
precursor material. Although all the prepared carbon dots
exhibited solvatochromic characteristics, we identied differ-
ences in the hydrochromic behavior that clearly revealed the
“structure-hydrochromic property” relationship of the carbon
dots. Based on the structural differences of the developed
carbon dots and their respective hydrochromic behaviors, we
have proved that the carbon dots with dominant intrinsic
emission show the most prominent hydrochromic characteris-
tics and for this reason, they were chosen as the probes for water
detection in organic solvents. To the best of our knowledge, this
This journal is © The Royal Society of Chemistry 2019
is the rst report in which the structure of the carbon dots is
correlated to their hydrochromic characteristics, and we prove
that “all solvatochromic carbon dots are not mandatorily
hydrochromic”. The presence of water was studied in both
aprotic (tetrahydrofuran (THF), acetonitrile (ACN) and acetone)
and protic solvents (isopropyl alcohol (IPA) and butyl alcohol
(BuOH)). In the aprotic solvents, the presence of water was
monitored by the red shi in the emission spectrum of the
carbon dots, whereas in protic solvents the water detection was
performed following the increase in the emission intensity of
the carbon dots. Therefore, we have demonstrated for the rst
time that carbon dots prepared with a simple method and with
specic structural characteristics can be used as efficient probes
for the visual detection of water contamination in different
types of solvents.
Experimental details
Materials

Brown sugar was purchased from the local market (Italy). All
chemicals and solvents were of analytical grade (AR) and were
used without further purication.
Preparation of carbon dots

Using a simple carbonization method involving commercial
brown sugar as the starting material, carbon dots were
prepared. The structurally different carbon dots with tunable
emission wavelength were formed in a controlled temperature
and time-bound environment. Initially, 5 g of brown sugar were
mixed with 5 mL of water and the mixture was carbonized in
a furnace (heating rate of 5 �C min�1) at specic temperature
and for specic time in each case, as described below, followed
by cooling naturally to room temperature. As the nal step, the
carbonized material was dispersed in distilled water and
insoluble carbon residues were ltered using a 0.2 mm lter
membrane. The resultant solution was further subjected to
freeze-drying to obtain carbon dots powder.

Carbon dots 1 (CD1) were produced upon heating the sugar/
water mixture at 180 �C, for 48 h, and upon excitation at 365 nm,
the emission spectrum of their aqueous solution (2.5 mg mL�1)
was centered at 448 nm. Carbon dots 2 (CD2) were produced
upon heating the sugar/water mixture at 250 �C, for 12 h, and
upon excitation at 365 nm, the emission spectrum of their
aqueous solution (2.5 mg mL�1) was centered at 462 nm.
Carbon dots 3 (CD3) were produced upon heating the sugar/
water mixture at 180 �C, for 6 h and upon excitation at
365 nm, the emission spectrum of their aqueous solution was
centered at 483 nm. Carbon dots 4 (CD4) were produced upon
heating the brown sugar/water mixture at 180 �C, for 2 h and
upon excitation at 365 nm, the emission spectrum of their
aqueous solution (2.5 mg mL�1) was centered at 504 nm.
Finally, carbon dots 5 (CD5) were produced upon heating the
sugar/water mixture at 300 �C, for 15 min, and upon excitation
at 365 nm, the emission spectrum of their aqueous solution
(2.5 mg mL�1) was centered at 532 nm. See Fig. 1a.
Nanoscale Adv., 2019, 1, 4258–4267 | 4259
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Fig. 1 Photophysical and structural characterizations of multicolor emitting carbon dots. (a) Schematic illustration of the synthesis conditions for
structurally different carbon dots, and (b) their corresponding emission spectra in water. (c) Representative HR-TEM images of carbon dots, (c1)
CD1, (c2) CD2, (c3) CD3, (c4) CD4 and (c5) CD5. Inset panels show the lattice spacing of a single carbon dot. (d) Size distribution histograms of
carbon dots (d1) CD1 (d2) CD2 (d3) CD3 (d4) CD4 and (d5) CD5. (e) Representative high-resolution XPS spectra of carbon dots. Deconvoluted XPS
spectra of carbon (C 1s) fitted with four components: I- (sp2 C (C–C, C]C)), II- (sp3 C (C–O)), III- (C]O), and IV- (COOH). (f) Photoluminescence
lifetime decay curves of the carbon dots.
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Sensing experiments for identifying the water content in
organic solvents

Different concentrations (0.2% to 5.0%, v/v) of hydrated
solvents were prepared by the careful addition of the required
amount of water into the solvents. The carbon dots (2 mg mL�1)
were allowed to react with the hydrated solvents for a period of
one hour. The change in the emission wavelength was studied
under exposure to UV light (lmax – 365 nm) and the uorescence
spectra were recorded.
Cell culture and treatment

Caco-2 human colon carcinoma cells were maintained in
complete Dulbecco's Modied Eagle's Medium (DMEM,
Thermo Fisher Scientic) supplemented with 10% (v/v) FBS
(Hyclone) and 1% v/v penicillin/streptomycin (EuroClone) and
1% v/v MEM non-essential amino acids solution (NEAA,
Thermo Fisher Scientic) at 37 �C under a humidied
controlled atmosphere with a 95% to 5% ratio of air/CO2. The
cells were seeded at the density of 1� 105 cells per mL in 96-well
4260 | Nanoscale Adv., 2019, 1, 4258–4267
plates and incubated for 24 h prior to the exposure to carbon
dots. All the treatments were performed in complete cell culture
medium followed by dilution of different carbon dots, i.e., CD1,
CD2, CD3, CD4 and CD5 at a nal concentration of 100 and 250
mg mL�1. They were further incubated for a period of 24 and
48 h in three replicates, then biocompatibility evaluations were
performed using WST-1 assay (cell viability) and H2DCF-DA
assay (intracellular oxidative stress).
WST-1 cell viability assay

The metabolic activity of the respective carbon dots-exposed
cells were measured using a colorimetric nonradioactive WST-
1 assay (Roche) according to the instructions provided by the
manufacturer. In brief, cells were gently washed three times
with phosphate buffered saline (PBS) aer specied treatment
points at the indicated concentrations and constituted by cell
culture medium. Further, 10 mL of WST-1 reagent were added to
each well and incubated under a humidied atmosphere of 5%
CO2 at 37 �C for 3 h. The formazan compound produced by
mitochondrial dehydrogenase from metabolically intact cells
This journal is © The Royal Society of Chemistry 2019
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was quantied at 440 nm using a microplate reader (Innite
M200, Tecan) and the absorbance was compared to the
untreated control.

The percentage of cell viability was determined using the
following equation:

% cell viability ¼
(absorbance treated/absorbance control) � 100%,

and the data were expressed as mean � SD of three replicates.
H2DCF-DA assay

Intracellular oxidative stress was measured using cell permeant,
20,70-dichlorodihydrouorescein diacetate dye (H2DCF-DA,
Thermo Fisher Scientic), which was decayed by cellular ester-
ases to a non-uorescent compound and further oxidized into
highly uorescent dichlorouorescein (DCF). Following the
specic incubation period, the cells were washed using Hank's
Balanced Salt Solution (HBSS) and stained with 5 mMH2DCF-DA
dye for 45 min at 37 �C, then washed and loaded with HBSS.
Further intracellular reactive oxygen species (ROS) generation
was measured using a microplate reader (Innite M200, Tecan)
with the temperature maintained at 37 �C by setting excitation
and emission lters at 480 and 520 nm, respectively. The results
were expressed as mean� SD of three replicates by normalizing
the values with respect to negative controls (expressed as 100%).
The cells exposed to 5mMH2O2 for induction of oxidative stress
served as the positive control.
Characterization

The morphology and size of the carbon dots were measured
using transmission electron microscopy (TEM, Tecnai G2 F30
(Oregon, USA)). The functional groups present in the carbon
dots were studied using a Fourier Transform Infrared (FTIR)
spectrometer (Equinox 70 FT-IR, Bruker) coupled to an attenu-
ated total reectance (ATR) accessory (MIRacle ATR, PIKE
Technologies). The chemical composition of the carbon dots
was studied using X-ray photoelectron spectroscopy (XPS,
Thermo K-alpha-monochromatic). Fluorescence emission
spectra were measured by a time-resolved uorescence spec-
trophotometer (FL-1057 TCSPC, NJ, USA). 1H-NMR spectra were
recorded at 400 MHz (Bruker DPX-400) and analysis was done
by using Mestrenova soware. Time-resolved PL emission
spectra were taken using an FLS920 spectrouorometer from
Edinburgh Instruments. Time decay proles were taken using
a diode laser of pulse width 50 ps and a repetition rate of 0.05–
1.00 MHz in order to ensure the complete decay of emission
between the excitation pulses. XRD spectra were collected using
a PANalytical Empyrean X-ray diffractometer equipped with
a 1.8 kW Cu Ka ceramic X-ray tube (l ¼ 1.5418 Å).
Results and discussion
Characterization of the developed carbon dots

In order to attain structurally different carbon dots through the
carbonization process, both temperature and treatment time of
This journal is © The Royal Society of Chemistry 2019
the brown sugar were tuned, and the optimized conditions are
reported in Fig. 1a. Under a single excitation wavelength of
365 nm, the aqueous dispersions of the various prepared carbon
dots showed distinctively different emission spectra: CD1
centered at 448 nm, CD2 centered at 462 nm, CD3 centered at
483 nm, CD4 centered at 504 nm and CD5 centered at 532 nm, as
depicted in Fig. 1b. It is interesting to note that the emission
spectra of carbon dots shi from 504 nm to 448 nm with
increasing carbonization time from 2 h to 48 h at 180 �C as noted
in the spectra in Fig. 1b. However, the CD2 and CD5 were formed
at the elevated temperatures of 250 �C and 300 �C for a duration of
12 h and 15 min, respectively. The photoluminescence quantum
yields of the different emitting carbon dots were calculated to be
5.6 � 0.5%, 7 � 0.4%, 3.5 � 0.3%, 1.5 � 0.4% and 1 � 0.3% for
CD1, CD2, CD3, CD4 and CD5, respectively. The attained results
indicate that the carbonization degree has obvious effects on the
emission characteristics of carbon dots.

To investigate the underlying mechanism of the emission of
carbon dots in water, studies on their size, shape and surface
functional groups were performed and are discussed in the
following sections. Fig. 1c shows the high-resolution trans-
mission electron microscopy (HRTEM) images of CD1, CD2,
CD3 and CD4, illustrating the spherical shape with average size
(refer to Fig. 1d) of 4.12� 0.54, 4.49� 0.69, 4.09� 0.57 and 4.21
� 0.77 nm, respectively. An exception to this is CD5, which
appears irregular in shape with an average size of 8.71� 1.29. In
addition, two types of lattice fringe distances have been noticed
at 0.21 nm (CD1 to CD4) and 0.34 nm (CD5). These can be
attributed to the d spacing of the graphene (100) and graphite
(001) planes, respectively.43,63 Since no important differences
were observed between the sizes of the carbon dots (CD1, CD2,
CD3 and CD4), the variation in the uorescence cannot be
directly correlated to the size and shape of the carbon dots, but
rather to different surface defects.

The characteristic peaks of C]O, O–H, C–H and C–O, C]C
vibration modes of the carbon dots51 have been affirmed by the
FTIR spectra as depicted in Fig. S1,† with no signicant differ-
ences in the peak positions between the different carbon dots.
In order to attain further information on the surface functional
groups and the denite composition of each carbon dot type,
surface-sensitive XPS measurements were performed. Strong
signals of C 1s and O 1s are shown in Fig. S2a† and their atomic
percentages are tabulated in Fig. S2b,† conrming the absence
of impurities. The high-resolution C 1s XPS spectra are dis-
played in Fig. 1e and the following contributions were assigned:
carbon sp2 (C–C, C]C, I), carbon sp3 (C–O, II), carbonyl carbons
(C]O, III), and carboxyl carbons (COOH, IV).37–39,45

The X-ray diffraction (XRD) patterns of the carbon dots powder
in Fig. S3† demonstrate a broad single diffraction peak centered at
�22� (d ¼ 0.40 nm), �23� (d ¼ 0.38 nm), �21.8� (d ¼ 0.40 nm),
�20.7� (d¼ 0.43 nm) and �22.8� (d ¼ 0.39 nm) for the CD1, CD2,
CD3, CD4 andCD5, respectively. In all cases, the attained d spacing
values are slightly higher than that of graphite (d¼ 0.34 nm) along
the (002) direction, and this can be attributed to the enlarged
interlayer distance resulting from the presence of oxygenated
functional groups on the surface of the carbon dots. The combined
results of HRTEM and XRD indicate that the prepared carbon dots
Nanoscale Adv., 2019, 1, 4258–4267 | 4261
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Fig. 3 Demonstration and screening of suitable hydrochromic carbon
dots. (a–e) Visual differences in the emission of carbon dots in THF
(left) and THF/water (50 : 50 (% v/v)) (right). The photographs were
taken immediately after adding the water to THF under UV light (lmax –
365 nm). (a) CD1, (b) CD2, (c) CD3, (d) CD4, (e) CD5 and (f–j) their
corresponding photoluminescence spectra under an excitation
wavelength of 365 nm. The expanded view of the emission peak
clearly demonstrates the water-induced peak shift in all carbon dots
upon the addition of water. CD1 and CD2 showed the most prominent
fluorescence difference, indicating their hydrochromic behavior.

Fig. 2 1H NMR (D2O) spectra of carbon dots.
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have both the (100) in-plane lattice spacing and the (002) interlayer
spacing of graphite.64,65 The outcome affirms the presence of
oxygenated functional groups consisting of hydroxyl, carboxyl and
carbonyl groups on the surface of the carbon cores in the carbon
dots. As noted in the spectra, the percentage area of sp2 C bonding
is the highest for the CD1 and the CD2, whereas, for the rest of the
carbon dots, oxygenated surface functional groups became domi-
nant. Therefore, the prolonged thermal treatment during the CD1
formation (180 �C, 48 h) has led to a higher carbonization degree,
emanating less oxygen-related surface groups. In the CD5, the
alcoholic carbon species are prevalent, indicating that 15 minutes
of treatment of the brown sugar at a high temperature of 300 �C is
enough for the formation of an efficient number of surface defects.
The observed results indicate that the structure of the carbon dots
strongly depends on the carbonization degree of sugar, leading to
the tunable uorescence.

To gain more insight into the effect of the p conjugated
domain and surface states, 2D excitation-emission contour maps
(Fig. S4†) were recorded. It was found that CD3, CD4, and CD5
exhibited strong excitation-dependent emission as compared to
CD1 and CD2. All the spectra conrmed that the CD3, CD4, and
CD5, the ones formed aer thermal treatment for short times,
have more oxygenated surface and exhibit strong excitation-
dependent emission, attributed to different surface states like
C–O, C]O, O]C–OH with specic energies, as clearly shown in
the XPS spectra. On the other hand, the prolonged thermal
treatment leads to the reduction of oxygenated functional groups
in CD1, which exhibit excitation-independent emission of the
excitation wavelength (250–360 nm) that originated from the
intrinsic state of the sp2 domain.36–42 The oxygenated surface
functional groups can serve as trap states for excitons and this
would benet the surface-state-related uorescence.36–40 The
signicant increase in trap states also favors the rapid decay of
excitons following non-radiative channels, which results in
shortened uorescence lifetimes (Fig. 1f). The average uores-
cence lifetime was calculated to be 6.02, 8.03, 3.78, 2.94 and 2.64
ns for CD1, CD2, CD3, CD4 and CD5, respectively.

The structural variation of carbon dots was further corrob-
orated by 1H NMR as depicted in Fig. 2. In the obtained spectra,
peaks in the range of 0.8–2.2, 2.5–4.5, and 8.0–9.0 ppm were
ascribed to methyl and methylene protons, protons in the
vicinity of oxygen-containing groups (hydroxyl and carbonyl),
and aromatic ring hydrogen, respectively.66–68 The observed
strong signal at 8.0–9.0 ppm intensely supports that CD1 and
CD2 consist of an aromatic carbon-rich architecture. In addi-
tion, the peaks in the range of 3.0–4.5 ppm were signicantly
reduced as compared with CD3, CD4, and CD5 and this might
be ascribed to the lower quantity of oxygen-containing groups in
both cases. The observed small peak at 1.37 ppm is attributed to
the methylene groups of the aliphatic chain and the intense
peak at 2.18 represents the methyl ketone. As evident in the
spectra, the peaks for CD1 and CD2 are nearly identical, indi-
cating their structural similarity. In the case of CD4 and CD5,
there is no detectable signal that corresponds to aromatic ring
hydrogens and the presence of abundant oxygen-containing
groups were veried through the strong signal detected in the
range of 3.0–4.5 ppm. Overall, the observed results reveal the
4262 | Nanoscale Adv., 2019, 1, 4258–4267
signicant difference in the structural features of the obtained
carbon dots, in terms of aromaticity and surface oxygen-
containing functional groups that are expected to signicantly
affect the hydrochromic emission properties.

The adverse effects of new nanomaterials on human health
and environmental contamination must be taken into consid-
eration in the development of these innovative materials. To
offer an initial indication of the potential biological impact of
This journal is © The Royal Society of Chemistry 2019
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carbon dots, a biocompatibility prole, namely cell viability and
intracellular oxidative stress, was measured using Caco-2
human colon carcinoma cells, representing epithelial intes-
tinal cells. The WST-1 assay showed that cells exposed to
increasing doses of carbon dots for 24 and 48 h did not elicit
a signicant reduction in cellular viability (Fig. S5†). Further,
results obtained from H2DCF-DA, an assay that enables the
measurements of intracellular reactive oxygen species (ROS),
demonstrated no detectable oxidative stress upon cell treat-
ment with carbon dots. Overall, these data provide a prelimi-
nary indication that carbon dots are biocompatible materials
within the studied dose and exposure regime.
Hydrochromic emission of carbon dots and water sensing in
organic solvents

To study the hydrochromic emission behavior of the formed
carbon dots, initially the uorescence emission was examined
under UV light (lmax – 365 nm) when they were suspended in the
aprotic solvent THF and in THF/water (50 : 50 (% v/v))
Fig. 4 Visual colorimetric water sensing performance of hydrated apro
varied the water content (0.2% to 5.0%, v/v) under UV light (lmax – 36
normalized photoluminescence spectra (c). (d) Emission peak shift vs.wat
was noted in the emission spectra when the water content increased from
map of CD1 in THF and THF with different water concentrations.

This journal is © The Royal Society of Chemistry 2019
(photographs in Fig. 3a–e). It was observed that the different
carbon dots responded differently to the presence of water. The
CD1 and CD2 are the ones that show the most prominent
hydrochromic behavior with a uorescence shi from 447 nm
to 481 nm (Fig. 3f) and 452 nm to 480 nm (Fig. 3g), respectively,
and visually noticeable emission color change from blue to
green under UV light (lmax – 365 nm). On the other hand, CD3
and CD4 show a shi in the presence of water in THF from
455 nm to 468 nm (Fig. 3h) and 462 nm to 472 m (Fig. 3i),
respectively. Finally, CD5 did not demonstrate such a hydro-
chromic effect under the same conditions, since the variation in
the emission spectrum is not so prominent in the presence of
water in THF as observed in Fig. 3j. Based on the structural
differences in the carbon dots and their respective hydro-
chromic behaviors, we reasoned that the carbon dots with
dominant p character would show prominent hydrochromic
emission. Taking into account the low hydrochromism of CD5,
it is straightforward to conclude that the water-promoted
hydrogen bonded network is itself not sufficient to induce the
uorescence changes in carbon dots.69–71
tic THF. (a) Photograph of carbon dots in THF and hydrated THF with
5 nm). The corresponding photoluminescence spectra (b) and their
er content in THF. A significant bathochromic-shift from 439 to 518 nm
0.2% to 5.0%, v/v. (e) Representative 2D excitation-emission contour

Nanoscale Adv., 2019, 1, 4258–4267 | 4263
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Due to their prominent hydrochromic effect, the CD1 were
selected for an in-depth demonstration of sensing of small
amounts of water in organic solvents, starting from the aprotic
THF. The water sensing performance of CD1 in hydrated THF
with small water contents under UV light (lmax – 365 nm) is
presented in Fig. 4. The addition of protic water induces the
hydrochromic effect, leading to a clear gradual red shi in the
emission spectra. All the emission spectra were taken one hour
aer the addition of water (nevertheless, the hydrochromic
effect is visible even when the spectra are recorded immediately
aer the water addition, as with the ones presented in Fig. S6
and Video S1†). As a control, pure THF was gradually added to
the initial THF solution and no color emission was evident
(Fig. S7†). Furthermore, it is interesting to note that there were
no signicant changes in the emission color of CD1/THF (2 mg
mL�1) when IPA (2 mL) was introduced, thus proving their
selective response towards water (see Fig. S8 and Video S2†).

The emission wavelength transition behavior of carbon dots
(CD1/THF, 2 mg mL�1) at 365 nm excitation began from the
lowest water concentration (0.2%, v/v), and continued with
a strong shi in the emission wavelength (439 to 518 nm) on
going from pure THF to THF mixed with the highest water
concentration used (5.0%, v/v), spotlighting the remarkable
sensing ability of the system, even by the naked eye (see the
photographs in Fig. 4a–c). Above 5.0% v/v water addition, the
emission wavelength does not show any further prominent
shi. The dependence of the uorescence emission on the
different concentrations of water in THF is plotted in Fig. 4d. A
linear relationship of emission wavelength versus water content
Fig. 5 Visual colorimetric water sensing performance of CD1 on hydrate
IPA with varied water content (0.2% to 5.0% v/v) under UV light (lmax – 36
The gradual enhancement in the emission intensity was noted upon in
(percentage of water content vs. emission intensity).

4264 | Nanoscale Adv., 2019, 1, 4258–4267
can be established, which proves that the carbon dots can be
a quantitative PL sensor for traces of water in THF. The repre-
sentative 2D excitation-emission contour maps are depicted in
Fig. 4e. The gradual shi in the emission peak was observed
upon increasing the hydration rate as was previously observed
in PL measurement. The detailed analysis of the spectra has
shown that the variations in the emission intensity are not
linearly related to the water content (Fig. 4b). At lower water
concentrations (0.2–0.8%, v/v) in THF, apart from the red shi
in the uorescence of the CD1, an intensity enhancement was
also observed. At higher water concentrations, the red shi
continued but the intensity of the emission decreased (Fig. 4b).
We propose that in aprotic solvents like THF, which are not
hydrogen donors, the addition of low concentrations of water
induces a hydrogen-bonded network between the carbon dots
that restricts non-radiative paths like intramolecular rotation,
and rigidies the structure of the carbon dots, resulting in the
enhancement of uorescence. Further increase of the water
content in THF results in the decrease of the emission intensity
along with a red shi in the emission maximum. The red shi
can be connected to the continuous aggregation of the carbon
dots, whereas the intensity decrease can be attributed to the
increased non-radiative relaxation pathways through the
enhanced vibronic coupling of the carbon dots with the
surrounding water molecules, or carbon dots.

To verify this, the PL lifetime decay curves of CD1/THF before
and aer adding water were recorded and are depicted in
Fig. S9.† The average lifetime increased from 4.7 ns to 7.4 ns for
the solution of CD1/THF when water was added, and this
d protic isopropyl alcohol. (a) Photograph of CD1 in IPA and hydrated
5 nm), and (b) their corresponding PL emission spectra (lex – 330 nm).
creasing the water content in isopropyl alcohol. (c) Calibration curve

This journal is © The Royal Society of Chemistry 2019
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observation proved the enhancement of the nonradiative
relaxation channel through the presence of intermolecular
hydrogen bonding interactions between the carbon dots and
water molecules. Next, the efficiency of the developed CD1 for
the detection of water in a model protic solvent, IPA, (Fig. 5a–c)
was studied under the same conditions as described in Fig. 4 for
the water content evaluation in THF. In contrast to the behavior
of the carbon dots in the hydrated aprotic THF, where they
showed a shi in their emission wavelength, in the hydrated
protic IPA, they showed gradual uorescence intensity
enhancement with the increase of the water fraction, along with
a slight blue shi (450 nm to 446 nm) as depicted in Fig. S10
and S11.† A linear relationship exists between the maximum
emission intensity and the water content, affirming the possi-
bility for the quantitative analysis of the water content also in
IPA. It can be assumed that in the presence of protic solvents
made up of hydrogen bond donatingmolecules, the carbon dots
already form intermolecular hydrogen bonds with the
surrounding solvent.11,72,73 This binding with IPA seems to
Fig. 6 Colorimetric detection of water in acetone (a–c) acetonitrile (d–f)
water content from 0.2% to 5.0% v/v (emission spectra-a, d and g: norma
of water content vs. peak shift, c, f and h).

This journal is © The Royal Society of Chemistry 2019
create favorable non-radiative relaxation pathways since the
CD1 photoluminescence in this solvent is low. The addition of
small amounts of water, up to 4.0% is proven to induce an
enhancement in the emission intensity without really affecting
the emission wavelength; thus, we can safely say that the radi-
ative pathway of the intrinsic core photoluminescence emission
aer the photoexcitation prevails over the non-radiative paths
in the presence of water. Non-radiative paths are considered to
be the vibronic coupling of the dots with the surrounding
molecules, vibrational mode excitation, intramolecular rota-
tion, etc.; all are known to strongly quench the photo-
luminescence emission.74–77 Since water is the smallest protic
solvent, it is expected to reduce the vibronic coupling non-
emitting pathways when interacting with the carbon dots.

Water sensing experiments were extended to various aprotic
and protic solvents and they resulted in different responses
upon exposure of the CD1 to the hydrated solvents for one hour,
clearly depicted in Fig. 6a–c (aprotic acetone), Fig. 6d–f (aprotic
acetonitrile) and Fig. 6g and h (protic BuOH). The spectral
, and butyl alcohol (g and h). PL emission spectra of CD1 on varying the
lized emission spectra: b and e) and their calibration curve (percentage

Nanoscale Adv., 2019, 1, 4258–4267 | 4265
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analysis of the CD1 in the corresponding solvents revealed
a clear visual change in the uorescence emission wavelength
for the aprotic solvents acetone (451 to 476 nm) and MeCN (416
to 468 nm), and an enhancement in the uorescence intensity
for the protic solvent BuOH in the presence of water, in agree-
ment with the above observations for the THF and IPA,
respectively. The observed differences in the sensing perfor-
mance can be attributed to the ability of water to make
hydrogen bond interactions with carbon dots in the presence of
either a protic or aprotic solvent environment.11–13 The above
observations indicate that the sensing capability of carbon dots
is correlated to the spectral shi in aprotic solvents and uo-
rescence intensity enhancement in protic solvents.

In comparison to other reported luminescence-based water
sensing processes (please refer to ESI Table 1†), the proposed
technique proves to be more straightforward and cost-effective,
thus facilitating the preparation of highly sensitive hydro-
chromic biocompatible carbon dots. Our study demonstrates
a highly desirable solvent specic visual colorimetric transition
response even at low concentrations (0.2%, v/v), opening new
avenues towards designing a sensor system for the detection of
hydrated solvents.

Conclusions

We have demonstrated the feasibility of preparing structurally
different carbon dots with tunable emission wavelength
through carbonization. This study has highlighted the potential
for using hydrochromic carbon dots as probes for sensing water
contamination in organic solvents. This is the rst report
wherein structurally tuned carbon dots demonstrate solvent
specic hydrochromic characteristics. Overall, the proposed
uorescent carbon dots (I) display the structure-hydrochromic
property relationship, (II) prove that “all solvatochromic
carbon dots are not mandatorily hydrochromic, (III) show a red-
shi in their uorescence upon hydration of aprotic solvents,
which is visible to the naked eye, (IV) show an increase in their
uorescence intensity upon hydration of protic solvents, which
is visible to the naked eye, (V) are produced in a simple way with
the possibility of scaling up, and are biocompatible and low-
cost. This work paves the way for a new class of carbon dots
with enhanced properties, possessing additional functionalities
and water sensing performances. Although water sensing is
used to prove this concept, this approach can be generalized to
various applications including humidity sensing, mapping of
sweat pores and safety controls, among others.
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A. L. Rogach, J. K. Stolarczyk, A. S. Urban and J. Feldmann,
Nano Lett., 2017, 17, 7710.

41 S. Zhu, Y. Song, J. Wang, H. Wan, Y. Zhang, Y. Ning and
B. Yang, Nano Today, 2017, 13, 10.

42 G. Eda, Y. Y. Lin, C. Mattevi, H. Yamaguchi, H. A. Chen,
I. S. Chen, C. W. Chen and M. Chhowalla, Adv. Mater.,
2010, 22, 505.

43 X. Miao, D. Qu, D. Yang, B. Nie, Y. Zhao, H. Fan and Z. Sun,
Adv. Mater., 2018, 30, 1704740.

44 K. Jiang, S. Sun, L. Zhang, Y. Lu, A. Wu, C. Cai and H. Lin,
Angew. Chem., Int. Ed., 2015, 54, 5360.

45 L. Han, S. G. Liu, J. X. Dong, J. Y. Liang, L. J. Li, N. B. Li and
H. Q. Luo, J. Mater. Chem. C, 2017, 5, 10785.

46 T. Y. Wang, C. Y. Chen, C. M. Wang, Y. Z. Tan andW. S. Liao,
ACS Sens., 2017, 2, 354.

47 Z. Bagheri, H. Ehtesabi, M. Rahmandoust, M. M. Ahadian,
Z. Hallaji, F. Eskandari and E. Jokar, Sci. Rep., 2017, 7, 11013.

48 Y. Dong, J. Shao, C. Chen, H. Li, R. Wang, Y. Chi, X. Lin and
G. Chen, Carbon, 2012, 50, 4738.

49 Y. Xiong, J. Schneider, C. J. Reckmeier, H. Huang, P. Kasák
and A. L. Rogach, Nanoscale, 2017, 9, 11730.

50 M. P. Sk, A. Jaiswal, A. Paul, S. S. Ghosh and
A. Chattopadhyay, Sci. Rep., 2012, 2, 383.

51 Q. Tang, W. Zhu, B. He and P. Yang, ACS Nano, 2017, 11,
1540.

52 L. Tang, R. Ji, X. Li, K. S. Teng and S. P. Lau, Part. Part. Syst.
Charact., 2013, 30, 523.

53 S. A. Hill, D. Benito-Alifonso, D. J. Morgan, S. A. Davis,
M. Berry and M. C. Galan, Nanoscale, 2016, 8, 18630.

54 L. Tang, R. Ji, X. Cao, J. Lin, H. Jiang, X. Li, K. S. Teng,
C. M. Luk, S. Zeng, J. Hao and S. P. Lau, ACS Nano, 2012,
6, 5102.
This journal is © The Royal Society of Chemistry 2019
55 D. Qu, M. Zheng, J. Li, Z. Xie and Z. Sun, Light: Sci. Appl.,
2015, 4, e364.

56 W. Wei, C. Xu, L. Wu, J. Wang, J. Ren and X. Qu, Sci. Rep.,
2014, 4, 3564.

57 Z. C. Yang, M. Wang, A. M. Yong, S. Y. Wong, X. H. Zhang,
H. Tan, A. Y. Chang, X. Li and J. Wang, Chem. Commun.,
2011, 47, 11615.

58 Y. Choi, S. Kim, Y. Choi, J. Song, T. H. Kwon, O. H. Kwon and
B. S. Kim, Adv. Mater., 2017, 29, 1701075.

59 T. Zhang, J. Zhu, Y. Zhai, H. Wang, X. Bai, B. Dong, H. Wang
and H. Song, Nanoscale, 2017, 9, 13042.

60 A. Sciortino, E. Marino, B. van Dam, P. Schall, M. Cannas
and F. Messina, J. Phys. Chem. Lett., 2016, 7, 3419.

61 D. Chao, W. Lyu, Y. Liu, L. Zhou, Q. Zhang, R. Deng and
H. Zhang, J. Mater. Chem. C, 2018, 6, 7527.

62 J. Wei, H. Li, Y. Yuan, C. Sun, D. Hao, G. Zheng and R. Wang,
RSC Adv., 2018, 8, 37028.

63 Z. Yang, M. Xu, Y. Liu, F. He, F. Gao, Y. Su, H. Wei and
Y. Zhang, Nanoscale, 2014, 6, 1890.

64 L. Tang, R. Ji, X. Li, K. S. Teng and S. P. Lau, Part. Part. Syst.
Charact., 2013, 30, 523.

65 L. Tang, R. Ji, X. Li, K. S. Teng and S. P. Lau, J. Mater. Chem.
C, 2013, 1, 4908.

66 S. K. Thiyagarajan, S. Raghupathy, D. Palanivel, K. Raji and
P. Ramamurthy, Phys. Chem. Chem. Phys., 2016, 18, 1206.

67 R. K. Mishra, I. N. Pulidindi, E. Kabha and A. Gedanken,
Anal. Methods, 2016, 8, 2441.

68 B. De, M. Kumar, B. B. Mandal and N. Karak, RSC Adv., 2015,
5, 74692.

69 D. Wang, H. Zhao, H. Li, S. Sun and Y. Xu, J. Mater. Chem. C,
2016, 4, 11050.

70 Y. Peng, Y. Ye, X. Xiu and S. Sun, J. Phys. Chem. A, 2017, 121,
5625.

71 Q. Li, M. Zhou, M. Yang, Q. Yang, Z. Zhang and J. Shi, Nat.
Commun., 2018, 9, 734.

72 Q. Lou, S. Qu, P. Jing, W. Ji, D. Li, J. Cao, H. Zhang, L. Liu,
J. Zhao and D. Shen, Adv. Mater., 2015, 27, 1389.

73 L. A. Giusti, V. G. Marini and V. G. Machado, J. Mol. Liq.,
2009, 150, 9.

74 A. S. Klymchenko, Y. Mély, A. P. Demchenko and
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