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HIGHLIGHTS

GRAPHICAL ABSTRACT

« A novel colorimetric and fluorescent
assay for water content detection
based on red-emitting carbon dots
(TN-CDs) was developed.

« The assay demonstrates fast response
time, good stability, and a wide
detection limit.

« The assay is capable of water
determination in both solution and
paper test strips.

« Paper strips and smartphone were
designed for quick and easy visual
inspection of water content in organic
solvents.
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Herein, a novel type of red-emitting carbon dots called TN-CDs was created via a one-step hydrothermal
approach using neutral red and tartaric acid as raw materials. The fluorescence of TN-CDs was gradually
quenched as the amount of water increased, and the color of the solution changed from yellow to pink
mauve (or purple to pink). The reaction could be completed within only 5 s in various organic solvents

such as N,N-Dimethylformamide (DMF), methanol (MeOH), acetonitrile (ACN), and ethanol (EtOH) with
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linear detection ranges of 1.2%-35.0%, 0.5%-20.0%, 0.25%-5.0% and 0%-16.0%, respectively. In addition,
we prepared a reusable test strip and then combined it with TN-CDs to detect water content in DMF,
as well as integrated it with smartphone software, a UV lamp, and a dark chamber for real-time, on-
site, visual quantitative detection of the water content.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Water (H,0) is an inorganic substance composed of two hydro-
gen atoms and one oxygen atom. It is a common substance, indis-
pensable raw material, and a pollutant for some humidity-
sensitive chemicals used in organic synthesis and industrial pro-
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cesses [1,2]. Chemical solvents need to have a low water content
because the presence of only trace amounts of water in chemical
experiments and industrial production may lead to low yields and
even experimental failures [3,4]. Therefore, quantitative and quali-
tative analysis of moisture is required before conducting chemical
reactions or industrial production processes [5-8]. Karl Fischer titra-
tion is the most widely used method for detecting water; however,
this method still has many problems, such as the presence of toxic
reagents, complicated operations, and the lack of portability, which
have hindered its practical applications [9,10]. Therefore, there is a
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need to develop a low-cost, simple, and convenient method for
detecting trace amounts of water in organic media.

Thus far, a variety of fluorescent strategies, including carbon
dots (CDs), quantum dots, metal nanoclusters, covalent organic
frameworks (COFs), and fluorescent dyes, have been used in water
content detection [11-15]. For instance, Wu and their team have
developed new CDs with altered surface states using resorcinol
as the only precursor for water detection in various organic sol-
vents [16]. Wang and colleagues have constructed a crystalline
COF and used it as a sensing platform that can detect water at con-
centrations of 7%-70% in DMF [17]. Qian and coworkers have
designed glutathione-stabilized Cu nanoclusters that can sensi-
tively respond to water based on a reverse process of
aggregation-induced enhancement (AIE) mechanism [15]. Xu's
group has studied a small AIE organic molecule named DMTA that
can detect water in different organic solvents with broad detection
ranges; and the molecule has been applied in humidity detection,
water jet printing, and fingerprint information collection [18].
However, most of the described materials can only detect water
in a narrow content range and rely on large instruments for fluo-
rescence signal detection [19-21]. In contrast to the traditional flu-
orescence method, the smartphone-based sensing platform can
detect the change of water content without the need of compli-
cated analysis equipment [22-24]. Thus, constructing a method
that is inexpensive and reversible, has fast response time, and
can detect water in organic solvents in a wide content range using
a smartphone-based sensing and fluorescence-based detection
platform can have a significant impact on the water detection field.

Here, we report a method for preparing red-emitting TN-CDs
from neutral red and tartaric acid using a one-pot method. As
shown in Scheme 1, at an excitation wavelength of 520 nm, TN-
CDs emit red fluorescence and exhibit interesting solvent-
dependent effects. When a trace amount of water is present in
the organic solvents (e.g., ACN, EtOH, MeOH, and DMF), the fluores-
cence of TN-CDs in the solvents gradually becomes weakened. In
DMF solution, the color of the mixture can be observed with the
naked eye and found to change from yellow to pink mauve as the
water content increases. In addition, to develop a fast, convenient,
and micro-detection method and to obtain accurate concentration
results, we used paper strips and a smartphone for image acquisi-
tion, color output, and data fitting. Finally, we showed that the TN-
CDs paper strips were reusable.

2. Experimental section
2.1. Chemicals and materials

Tartaric acid, N, N-dimethyl formamide (DMF), dimethy! sulfox-
ide (DMSO), acetonitrile (ACN), methanol (MeOH), ethanol (EtOH),
acetone, petroleum ether (PE), dichloromethane (DCM), and ethyl
acetate (EAC) were purchased from Beijing Beihua Kaiyuan Chem-
ical Company Ltd. Neutral red and L-cysteine (Cys) were purchased
from Shanghai Yuanye Biotechnology Company Ltd. Sucrose and L-
Ascorbic acid were acquired from Shanghai Macklin Biochemical
Company Ltd. Glutathione (GSH) was purchased from Shanghai
Aladdin Chemistry Company Ltd. Deionized water obtained from
a Millipore purification device (18.2 MQ cm) was used for all the
syntheses and analyses. The above organic solvents were dried
using a 4 A molecular sieve for 12 h. All the chemicals were used
without further purification.

2.2. Apparatus

Fluorescence spectra were recorded on an F-2700 Spectro fluo-
rophotometer (HITACHI Co., Ltd., Japan) with excitation slits and
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emission slits of 5 nm, and a PMT Voltage of 700 V. FT-IR spectra
was investigated using KBr pellets on a Nicolet Avatar360 FT-IR
spectrophotometer (Thermo Fisher Scientific Inc., USA) in the range
of 4000-400 cm™!. Absorption spectra were recorded on a Cary 60
UV-vis spectrometer (Agilent Technologies Inc., USA). TEM images
were conducted on a JEM-2100F Transmission Electron Microscope
(JEOL, Japan). XPS was performed on the ESCALAB 250 spectrome-
ter (Thermo Fisher Scientific Inc., USA). Fluorescence lifetime was
obtained on the FLS920 spectrometer (Edinburgh Instrument,
UK). All pH values were measured with a PHS-3C pH-Meter (INESA
Scientific Inc., China). Photographing and color reading was per-
formed by smartphone (HUAWEI P40, Huawei Technologies Co.,
Ltd, China).

2.3. Synthesis of TN-CDs

Briefly, 0.033 g of tartaric acid and 0.017 g of neutral red were
mixed with 10 mL of ultrapure water to form a homogeneous solu-
tion. Then, the mixture was heated in a 20 mL Teflon-lined stain-
less steel autoclave at 180 °C for 3 h. Next, the obtained product
was centrifuged at 10000 rpm for 5 min to remove the precipitates
and then dialyzed against ultrapure water using 1000 Da dialysis
bags. Finally, the TN-CDs solution was freeze-dried and stored until
subsequent use.

2.4. Fluorescence-based detection of water in organic solvents

In a typical detection, 10 pL of 2 mg/mL TN-CDs (dissolved in
DMF) was added into a DMF/water mixture to obtain samples with
the final water concentrations ranging from 0 to 100% (total
volume = 500 pL). After the samples were mixed thoroughly, their
fluorescence emission spectra at an excitation wavelength of
520 nm were recorded. The same procedure was applied for the
detection of water in MeOH, ACN, and EtOH.

2.5. Fabrication of colorimetric test strips based on TN-CDs

Since the prepared TN-CDs solution was colored and had good
solubility in water and DMF, it was used as an ink in which filter
paper strips were immersed in order to prepare a portable paper
sensor. Commercial filter paper was cut into strips with an exact
size of 6 cm x 1 cm to facilitate dyeing and drying. The strips were
placed in a glass vial in which they were soaked in 0.02 mg/mL TN-
CDs solution for 2 h. After that, the drenched filter paper was air-
dried at room temperature until the remaining moisture was com-
pletely evaporated.

After drying, the prepared test strips were cut into small
squares with dimensions of 1 cm x 1 cm. Subsequently, 10 pL of
DMF/water mixture at different volume ratios was dropped onto
the test strips using a pipette. Then, the test strips were irradiated
under 365-nm UV light and their images were immediately cap-
tured using a camera on a Huawei P40 smartphone. The volume
ratios of water were analyzed using a color scanning application
(Color analyzer).

3. Results and discussion
3.1. Structure and morphologies of the prepared TN-CDs

The surface status of natural red and the prepared TN-CDs was
characterized by Fourier transform infrared spectroscopy (FT-IR),
and the result is shown in Fig. 1A. For the neutral red precursor
(green line), the weak absorption bands at 3350 cm™' and
3160 cm™! could be assigned to N-H stretching vibration, while
the strong absorption band at 1617 cm™! was corresponded to
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Scheme 1. Illustration showing the fabrication of TN-CDs and the detection of water content in DMF with the use of paper strips and smartphone sensing platform.

C = C stretching vibration. The absorption peak at 1328 cm™! was
originated from C-H in-plane bending vibration. For TN-CDs (or-
ange line), a strong signal appeared at 3414 cm~! was due to O-
H stretching vibration, while the other strong signal at
1735 cm™! was associated with the stretching vibration of C = O
in a carboxyl group. The residual absorption peaks at around
1088 and 1133 cm ™' were corresponded to C-O and C-C stretching
vibration, respectively. In addition, X-ray photoelectron spec-
troscopy (XPS) analysis was conducted to assess the chemical com-
ponents of TN-CDs. The complete survey XPS spectra (Fig. 1B) of
TN-CDs displayed strong signals of Cls (284.8 eV) and Ols
(532.0 eV) and a weak signal of N1s (401.4 eV), suggesting that
the prepared TN-CDs are composed mainly of C and O elements
while contain a small amount of N element. Three noticeable bands
were observed in the Cls spectrum (Fig. 1C): C = C (284.8 eV),
C — N (286.4 eV), and C = O (288.2 eV). The N1s peaks shown in
Fig. 1D could be decomposed into 399.4 eV and 401.4 eV corre-
sponding to C-N and N-H, respectively. The above characterization
shows that the surface groups of the TN-CDs likely arise from both
neutral red and tartaric acid, the indication that the TN-CDs were
successfully synthesized.

The surface morphology and size of the prepared TN-CDs in
water and DMF were further characterized by transmission elec-
tron microscopy (TEM). As shown in Fig. 2A, TN-CDs were well dis-
persed in water and had a spherical shape without apparent
aggregation; their average diameter was 2.5 nm. However, when
TN-CDs were dispersed in DMF, they formed aggregates (Fig. 2B).
This may be due to that the surface groups of TN-CDs are more
polar than DMF. Furthermore, the lattice spacing, which was calcu-
lated to be 0.22 nm and revealed by the high-resolution transmis-
sion electron microscopy (HRTEM) image (inset of Fig. 2A), was
closed to the (100) plane of graphitic carbon; and this further
proves that TN-CDs were successfully synthesized [25].

3.2. Optical properties of the prepared TN-CDs

The optical properties of TN-CDs were further studied by
UV — vis absorption and fluorescence spectroscopy. As illustrated
in Fig. 3A, the UV-vis absorption peaks of TN-CDs centered at
270 nm and 520 nm were corresponded to the m-m* transitions
of C = C and the n-wt* transitions of C = O or C — N. As can be
observed in the inset of Fig. 3A, TN-CDs were dispersed in water
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Fig. 1. (A) FT-IR spectra of natural red and TN-CDs. (B) XPS survey spectra of TN-CDs and high-resolution spectra of (C) C;s and (D) Ny peaks. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (A-B) TEM images of the prepared TN-CDs in water (A) and DMF (B). The insets of (A) are the HRTEM image and size distribution.

and exhibited pink mauve color under 365-nm UV light. In addi-
tion, the fluorescence spectra of TN-CDs recorded at different exci-
tation wavelengths are displayed in Fig. 3B, showing that the
sample exhibited excitation-dependent emission behavior. As the
excitation wavelength was increased from 440 nm to 580 nm at
an interval of 20 nm, the emission wavelength was red-shifted
from 608 nm to 616 nm. Once the excitation wavelength reached
520 nm, the intensity of the fluorescence spectra gradually
decreased. Accordingly, we chose 520 nm and 610 nm as the opti-
mum excitation and emission wavelengths, respectively. The
excitation-dependent emission behavior of TN-CDs could be

ascribed to the difference in particle sizes and functional groups
presented on their surface.

In addition, properties of fluorescent CDs could be affected in a
complex chemical environment. As shown in Fig. S1, the fluores-
cence intensity of TN-CDs after 60 min of continuous irradiation
(measured at three-min interval) was not changed significantly,
indicating that TN-CDs have high photostability and could be used
as potential fluorescent imaging agents. Furthermore, the stability
of TN-CDs at different temperatures was studied. As shown in
Fig. S2, when the temperature was increased from 4 °C to 45 °C,
the fluorescence intensity of TN-CDs gradually increased, indicat-



X. Mu, X. Song, D. Gao et al.

(a.u.)

‘n°g) AsudU T PIZI[EWI0ON

Normalized Absorbance

(

400 500 600 700

Wavelength (nm)

200 300 800

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 276 (2022) 121195

550 600 650 700

500
Emission Wavelength (nm)

Fig. 3. (A) UV-vis absorption spectra and fluorescence excitation and emission spectra of TN-CDs. Inset: photographs of TN-CDs observed under natural light and 365-nm UV
light. (B) Fluorescence emission spectra of TN-CDs recorded under different excitation wavelengths.

ing that TN-CDs are sensitive to temperature change. To diminish
the effect of temperature, we conducted the experiments at a fixed
temperature of 25C.

3.3. Fluorescence-based detection of water in organic solvent
using TN-CDs

We found that the fluorescence intensity of TN-CDs progres-
sively decreased with increasing water content in DMF, MeOH,
ACN, and EtOH solvents. More importantly, TN-CDs could respond
to a small amount of water in DMF (a model solvent) within 5 s,
which is the indication that TN-CDs have high solvatochromic sen-
sitivity towards water. This indicates that the prepared TN-CDs
may be applied to detect moisture in organic solvents in real time
(Fig. S3).

DMF was used as a model solvent to illustrate their application
in the monitoring of water content. Fig. 4A displays a plot of fluo-

rescence intensity (Fo-F) against water content (from 1.2% to 100%)
in DMF. Fy and F are the fluorescence intensity in the absence and
presence of water, respectively. Upon being excited at 520 nm, the
position of the fluorescence emission peak was red-shifted from
594 nm to 620 nm while the intensity decreased gradually. Impor-
tantly, a good linear relationship (r = 0.9965) was observed at a
range of 1.2%—35%, and the detection limit (LOD, 33/s) was low
with a value of 0.36% (Fig. 4B). As the water content in the TN-
CDs/DMF system increased, the solution color changed from bright
yellow to orange while then gradually changed to pink mauve. The
color change could be conveniently observed under UV light with
the naked eye (Fig. 4C). In addition, the prepared TN-CDs were suc-
cessfully applied to detect water content at 0.5%—20%, 0.25%—5%,
and 0%—-16% in MeOH, ACN, and EtOH, respectively, with the cor-
responding LOD of 0.093%, 0.058%, and 0.042%, respectively. The
corresponding linear equations and photographs are illustrated in
Figs. S4, S5, and S6.
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Fig. 4. (A) Emission spectra of the prepared TN-CDs in DMF containing water at an increasing level (from 1.2% to 100%). (B) Relationship between fluorescence intensity (Fo-F)
and water content. Inset: linear plot of Fo-F versus water content (from 1.2% to 35.0%). (C) Photographs of TN-CDs in DMF containing water at different contents (0-100%)
taken under a 365 nm UV lamp.
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As an example, the fluorescence intensity of the TN-CDs/DMF
system remarkably decrease after H,O was introduced, while was
nearly unchanged after other common organic solvents (MeOH,
acetone, DMSO, ACN, EAC, DCM, PE, and EtOH) and interference
substances (AA, Cys, GSH, K*, Mg?*, and Ca®*) were introduced
(Fig. 5A and B). The above results demonstrate that the TN-CDs/
DMF system possesses good sensibility and anti-interference abil-
ity. These characteristics may essentially allow TN-CDs to have a
broader potential practical application in detection of water con-
tent in DMF.

3.4. Fluorescence response mechanism of the prepared TN-CDs

Fluorescent properties of some molecules are susceptible to the
polarity of the solvent; thus, the changes in solvent polarity may
cause red/blue shifts in their fluorescence spectra [17,26,27]. Gen-
erally, when investigating the causes of the shift of a fluorescence
spectrum, the primary factors that should be considered are sol-
vent/solute polarity, electron donor/acceptor characteristics,
solute-solute interaction caused by solvent polarity, etc. We exam-
ined the steady-state transient fluorescence spectrum of TN-CDs in
solvents with different polarities (Fig. S7). The results showed that
the fluorescence lifetime of TN-CDs in a solvent was not necessar-
ily related to the solvent polarity. However, the shortest fluores-
cence lifetime of TN-CDs was still observed in three solvents
including water, MeOH, and EtOH, which is the indication that
hydrogen bonds may play an essential role in the solvation process.
Under the same excitation wavelength, the shift of this fluores-
cence spectrum in different polar solvents can be a proof of possi-
ble hydrogen bonds between hydrophilic functional groups on the
surface of TN-CDs and hydroxyl groups of the solvent. As the polar-
ity of the protic solvent increased, the fluorescence emission peaks
of TN-CDs were significantly red-shifted (Fig. S8). This could be
explained by that as the water content increases, the hydrogen
bonds between TN-CDs and organic solvents gradually become
more controllable by the hydrogen bonds between TN-CDs and
water. Since the polarity of water is highest among all solvents,
its hydrogen bond interactions with the solvent can gradually
increase. This can lead to changes of electron cloud distribution,
which can in turn affect the conjugation degree of m-n* or n-m*,
causing its molecular energy level to decrease [17,27]. Finally,
the spectrum gradually becomes red-shifted, causing the fluores-
cence intensity to gradually decrease, as can be observed by the
change of solution color. In addition, as the reaction temperature
increased, the fluorescence intensity of TN-CDs gradually
increased. Such temperature-dependent fluorescence may be due
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to the destruction of hydrogen bonds between hydrophilic func-
tional groups on the surface of TN-CDs and hydroxyl groups in
water, which can cause TN-CDs to have a tendency to form aggre-
gates. The aggregation — induced enhanced emission effect can
then lead to the increase of fluorescence of TN-CDs. Finally, as
can be observed in the TEM image of TN-CDs in DMF, the distance
between TN-CDs particles in low-polarity solvents was shorter
compared with those in high-polarity solvents. Additionally, the
number of aggregated particles increased significantly, causing
the change of color of the solvent.

3.5. Visual inspection of water content in DMF in paper strips and
solution using a smartphone application

These promising results have led us to consider using the pre-
pared TN-CDs to coat a solid support such as paper strips. Recently,
the development of sensitive and field-detection paper strips has
received widespread attention [28,29]. Therefore, we developed
rapid and portable TN-CDs paper strips with visual detection abil-
ity to detect water content in DMF. As shown in Fig. 6A, after drop-
ping the samples onto the paper strips, the water content in DMF
gradually increased. The color of the paper strips changed from yel-
low, followed by purple and finally blue-violet, showing different
color shades.

Although visual inspection of paper strips is possible, it relies on
the ability of human eyes to distinguish between subtle color
changes, which thus may not be sensitive and accurate [30,31].
Here, a smartphone sensor device, which takes advantage of the
camera’s high resolution and the built-in APP, was designed to ana-
lyze color parameters during real-time detection. As shown in
Scheme 1, the sensing device consists of a UV excitation light
source, a sample platform, a smartphone, and a dark chamber.
The color parameters were analyzed using the image processing
application (color analyzer), and the regression analysis was per-
formed using the data analysis application. The Lab color mode
has more color gradients than the RGB and CMYK models, thus
can recognize more colors than other mode. In the Lab color mode,
L represents brightness, a represents the color range from magenta
to green, and b represents the color range from yellow to blue. The
color data are shown in Table 1 & S1. The variation of L, a, b and R,
G, B values with water contents measured from the paper strip is
displayed in Fig. 6B and that measured from the solution is shown
in Fig. S9. As can be seen, the L and b values decreased with the
increase of water content, while the a value remained fairly stable.
In addition, the R and G values decreased with the increase of
water content, while the B value was relatively stable. The calcula-
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Table 1

Visual inspection of water content in DMF through the color parameters of paper strips obtained using a smartphone application.

Color water content (%) R value G value B value L value a value b value L +a + b value
. 100 57 24 148 214 40.8 —62.8 —0.6
- 90 66 28 156 239 423 —63.6 2.6
- 80 66 20 107 18.4 351 —-41.8 11.7
- 70 82 16 115 21.2 41.5 —42.3 204
- 60 90 28 123 24.8 40.4 —38.6 26.6
- 50 107 32 123 28.1 431 -30.9 40.3
. 40 132 44 123 343 45.3 -259 53.7
. 30 140 73 156 42.2 38.9 -23.5 57.6

| 20 155 121 132 544 15 -0.7 68.7
J 10 173 146 156 64.1 14.8 0 78.9
I 181 162 140 67.9 4.9 14.2 87

i

tion showed a linear relationship between L + a + b and water con-
tent. Photographs of paper strips and solutions containing DMF
with different water contents were taken, and the calibration equa-

tion was established (Fig. 6C & S10). For the paper strips, the
L + a + b value was proportional to the water content, and the solu-
tion color gradually changed from beige to blue-violet. A linear
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relationship between the L + a + b value and the water content at a
range of 0-100%, which could be used to calculate the water con-
tent, could be expressed as y = -95.36x + 88.46 (r = -0.9983). In
the solution, the value of L + a + b decreased with increasing water
content (10%-60%). The relationship was linear and could be
expressed as y = -230.71x + 149.79 (r = -0.9989), and the color of
the paper strip gradually changed from orange to purple.

As illustrated in Table S2, we detected 5 samples spiked with
water at different contents using test strips and a smartphone.
The results showed that samples with higher water contents
(>35%) have higher recovery rates, and the RSD values of all the five
samples were less than 3.5%. Additionally, we explored the
reusability of the paper strips. First, the color of the dry paper strip
was pink. After a moist paper strip was soaked in DMF solvent and
then heated using a hot air blower, its color was returned from yel-
low to pink within ten seconds. The above steps were repeated,
and the color of the paper strip was not significantly changed after
3 rounds (Fig. S11). All in all, our method has reasonable practica-
bility and fast response; its quantitative analysis can be accom-
plished through visual inspection using test strips and a
smartphone, thus is highly suitable for on-site detection of water
content in DMF.

4. Conclusion

In short, we synthesized red-emitting CDs through a simple
one-step hydrothermal synthesis method using tartaric acid and
natural red solution as reaction precursors. The synthesized TN-
CDs could detect water content in an organic solvent through flu-
orescence signals and color change. TN-CDs had fast response time,
good stability, and a wide detection limit. In addition, we designed
a device consisting a smartphone, a UV light source, and a dark
chamber for visual detection of water content in DMF. The smart-
phone APP was employed to analyze the color change of the paper
strips irradiated with UV light and quantify the water content. The
detection was linear at the water contents of 0-100%, and the cor-
relation coefficient r was as high as 0.9983 while RSD values of the
spiked samples were < 3.5%. The developed device has not only
high accuracy and fast response time, which could further expand
its application in field-detection of water content in organic
solvents.
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