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Detection of water in organic solvents is of importance in both academic and industrial applications. In
this work, we developed dual emissive carbon dots (CDs) through a simple solvothermal method using
m-phenylenediamine and phenolphthalein as precursors. The CDs showed excitation-dependent
emission properties with both blue and green emissions. In addition, the CDs" emission peak shifted to
longer wavelengths as the polarity of the solvents that dispersed the CDs increased, allowing the CDs to
serve as a solvatochromic probe. Besides, the CDs' emissions could be affected by water in different
organic solvents, which have been developed as efficient sensors for the detection of trace amounts of
water. The limit of detection (LoD) to water detection in ethanol (EtOH), dimethyl sulfoxide (DMSO), and
acetonitrile (MeCN) can be as low as 0.12%, 0.01%, and 0.006%, respectively, utilizing the CDs' green
emissions. By taking advantage of the dual emissions, the ratiometric detection of water has been
achieved. The ratiometric signals could be potentially developed as portable naked-eye based sensors
for water detection in organic solvents. The obtained CDs could have promising applications to be used
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1. Introduction

All living organisms need water to survive. On the other hand,
water is regarded as a common impurity or contaminant in
organic solvents." Water is a harmful impurity for many products
in the food, medicine, chemical, and energy industries, which
may reduce the efficacy and uses of the products.>* In addition,
the presence of a trace amount of water in commonly used
organic solvents is very frequently encountered, which impedes
the reaction process and determines the reaction selectivity and
product yield in some organic reactions, leading to detrimental
outcomes.” Therefore, it is necessary and important to develop a
sensor for efficient water detection in organic solvents for indus-
trial applications and synthetic laboratories.”> The traditional
method for determining water content is Karl-Fischer titration,
achieved by coulometric and volumetric analyses.* Several other
methods based on chromatography, electrochemistry, and
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nuclear magnetic resonance have been developed for water
detection as well.">® These methods show benefits such as high
throughput and great accuracy. However, they are limited by the
high cost of specialized equipment, time-consuming assays, and
complicated data analysis. Fluorescence-based approaches for
water detection have increased extensive attention and have been
developed as an alternative due to their operational simplicity,
high sensitivity, and low cost.**

Carbon dots (CDs) are a group of carbon-based nanomaterials
that were initially discovered in 2004 via the purification of arc-
discharged synthesized carbon nanotubes.”® CDs typically have a
spherical shape with sizes less than 10 nm, and they are primarily
comprised of amorphous carbon and/or nanocrystalline regions
of sp” hybridized graphitic carbon.®® Since the discovery, they
have gradually appeared as potential substitutes for other fluor-
escent materials due to their benefits, such as good fluorescent
properties, excellent photostability, low cost, easy synthesis, bio-
compatibility, and low toxicity.”" These characteristics have
enabled them to use in a wide variety of applications for sensing,
bio-imaging, optoelectronic devices, and electrocatalysis."> Espe-
cially, CDs have been developed as efficient chemical sensors,
mostly targeting metal ions, anions, small molecules, etc."

Recently, fluorescent CDs have been developed as chemical
sensors for the efficient detection of trace amounts of water in
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organic solvents. Most previous works utilized single emission
fluorescence signals for water detection in organic solvents
either through emission intensities>>®'**® or emission peak
shift.’®"**> However, single emission signals could be affected by
the interference of the external environment, resulting in
reliability issues.”® CDs with dual emissions could be developed
as chemical sensors with ratiometric signals or multiple
functions.>*”*” Until now, there have been only a few studies
on dual emissive CDs for water detection in organic solvents
with ratiometric or multiple signals.”® Zheng and the group
reported on dual emissive CDs for the detection of water using
the changes of two emission peaks. However, only the detection
of water in ethanol solvent was investigated.”® Yan et al
proposed dual-emission fluorescent CDs for water detection
with water-sensitive red fluorescence signals.>® The dual-
emission carbon dots in this work were obtained by mixing
two carbon dots with different emissions. Wu et al. prepared
carbon dots with dual emissions through a solvothermal synth-
esis using 2,5-dihydroxyterephthalic acid as a precursor. They
achieved ratiometric visual sensing of trace amounts of water in
ethanol and some other organic solvents."

In this work, we developed excitation-dependent dual (blue
and green) emissive CDs via a simple and facile solvothermal
method using m-phenylenediamine (m-PDA) and phenolphtha-
lein as precursors. The synthesized CDs showed solvent-
dependent properties, and the emissions shifted to longer
wavelengths when the polarity of the solvent that dispersed
the CDs increased, which could be used to develop a solvato-
chromic probe. The green emissions could be more efficiently
affected by the presence of water in the organic solvents. The
detection of water in various organic solvents was achieved
through changes of the green emission as well as ratiometric
signals from dual emissions. The sensing mechanisms for
water detection were then investigated.

2. Experimental section

2.1. Reagents and materials

m-Phenylenediamine (m-PDA), acetonitrile (MeCN), dimethyl-
formamide (DMF), and tetrahydrofuran (THF) were purchased
from Sigma-Aldrich. Dimethyl sulfoxide (DMSO), acetone, ethy-
lene glycol (EG), and dichloromethane (DCM) were obtained
from VWR. Methanol (MeOH) and phenolphthalein were
bought from Fisher Scientific. Ethanol (EtOH) and toluene were
purchased from Supelco and Macron, respectively. All reagents
were of at least analytical grade and used as received. Ultrapure
water (>=18.2 MQ cm) was used to prepare solutions unless
mentioned otherwise.

2.2. Synthesis of the CDs

CDs were synthesized through a simple solvothermal method.
17 mg of m-PDA and 100 mg of phenolphthalein were dissolved
in 5 mL of ethanol. The mixture was then transferred into a
50 mL Teflon-lined autoclave reactor and heated at 150 °C for
3 h. After cooling to room temperature, a portion of it was

2876 | Mater. Adv, 2025, 6, 2875-2884

View Article Online

Materials Advances

freeze-dried for characterization, and the rest was stored in the
dark and used for other experiments.

2.3. Characterization of the CDs

A high-resolution transmission electron microscope (HR-TEM,
JEOL JEM-2010) was used to observe the morphology and size
of the CDs. X-ray diffraction (XRD) patterns of the CDs were
obtained using Bruker D8 XRD instrument operating at 40 kV
and 40 mA with a PMMA sample holder. Raman spectra of the
CDs were obtained using Bruker-Senterra II under a 633 nm
laser. The Fourier transform infrared (FTIR) spectra were
collected using an IR Affinity-1 Shimadzu spectrophotometer.
The X-ray photoelectron spectroscopy (XPS) spectrum was
measured to investigate the elemental composition and surface
groups of the CDs. This measurement was carried out using a
monochromatic Al Ko X-ray source (1486.6 eV). To collect the
XPS spectra of the samples, a Thermo Scientific Nexsa XPS
Spectrometer was used. A pass energy of 200 eV for survey
spectra and 50 eV for high-resolution spectra were used.

The fluorescence spectra were recorded using a Cary Eclipse
fluorescence spectrophotometer by Agilent Technologies. The
absorption spectra were recorded by a UV-2600 UV-Vis spectro-
photometer by Shimadzu. The quantum yield (QY) was calcu-

lated utilizing the following equation:*%*"
Is ODR I’ls2

Yq = QYp S 2R 1S 1

Q s Q RIR ODS I’ZR2 ( )

The subscripts R and S refer to the reference and the sample,
respectively. In this work, the reference fluorophore for green
emission was fluorescein dissolved in 0.1 M NaOH, with a
known quantum yield of 95%. I is the integrated fluorescence
intensity of the emission, OD is the optical density of the
samples and 7 is the refractive index of the solutions.

2.4. Detection of water in organic solvents

Water titration experiments were performed to investigate the
change of fluorescence intensities of the CDs in various solvents
upon interaction with water. The ethanol of the synthesized CDs
solution was removed, and then 2.1 mg of the CDs were dispersed
in the cuvette with 3 mL of each organic solvent and mixed
homogeneously. Water detection in several solvents, such as
EtOH, MeOH, DMSO, and MeCN was investigated. For each water
titration, fluorescence spectra at varied water concentrations in
organic solvents were collected at their initial optimal excitation
wavelength for the green emissions. Depending on the solvent,
fluorescence quenching or enhancement of the CD solutions
could be observed upon adding water. The quenching efficiency
(QE) or enhancement efficiency (EE) was calculated as a function
of water concentrations using the following equations:

Io—1
I

QE - ()

I—1,
I

EE = (2B)

where I, and I denote the peak intensities in the absence and

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00021a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 17 2025. Downloaded on 30.10.2025 17:21:52.

(cc)

Materials Advances

presence of water analytes in various concentrations, respectively.
When the addition of water quenches the CDs emissions, QE
(quenching efficiency) is used; on the other hand, if the addition
of water enhances the CDs emissions, EE (enhancement effi-
ciency) is used. The limit of detection (LoD) to water was
calculated for each solvent using the following equation:®

LoD = 3SDeq

(3)

where SDq is the standard deviation of the blank signal and S is
the slope of the linear plot of fluorescence.

For ratiometric detection of water in organic solvents, the
CDs were excited at a wavelength of 380 nm to collect fluores-
cence spectra which include both emission peaks of the CDs
solution. Upon addition of water into the CDs solutions, changes
in both peaks were observed. The changes in the ratio of two
emissions as a function of water concentrations were obtained
and utilized as ratiometric sensors for water detection.

3. Results and discussion
3.1. Characterization of the CDs

The CDs were synthesized via a solvothermal strategy using m-
phenylenediamine and phenolphthalein as precursors and
ethanol as a solvent. The CDs’ synthesis conditions (molar
ratios and reaction temperature) were optimized considering
their quenching efficiency by water, as shown in Table S1
(ESIf). The optimum conditions were determined to be a molar
ratio of 1:2 for mPDA/phenolphthalein at 150 °C for 3 h. The
size and morphology of the prepared CDs were characterized by
TEM. Fig. 1A shows a TEM image of the spherical CDs. Lattice
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distance of 0.23 nm in the high resolution images was observed,
and is shown Fig. 1B. The lattice distance was frequently observed
in the CDs and very close to [100] facet of graphene. The particle
size distribution shown in Fig. 1C demonstrates that the size of
CDs ranges from 2 to 10 nm with two distributions centering at
4.4 nm and 7.3 nm. Fig. 1D shows the XRD pattern of the CDs. A
broad peak centered at 20 = 20° is consistent with the graphene
lattice spacing of 0.43 nm, indicating that the CDs had a lattice
structure to some extent, albeit disordered.””> A peak at ~26° is
related to the (002) plane of the graphite structure.>® Besides,
many small diffraction peaks are noticeable in the XRD pattern
indicating the unsystematic manner of carbon arrangement
induced by functional groups on the surface of the CDs.>** The
Raman spectrum (Fig. 1E) shows the characteristic D and G bands
at 1370 em ' and 1560 cm '. The two bands are related to
structural defects and graphitic sp® carbon networks.*> The
measured I/I of 0.82 was obtained, indicating an approximately
equal amount of defect and graphitized structure. FTIR was used
to characterize the composition and functional groups of the CDs.
The FTIR spectrum (Fig. 1F) revealed that the CDs have various
bonds such as O-H or C-H (3100 cm™ '), C=0 (1748 cm™ '), C=C
or N-H (1614 em™'), C=C (1597 cm™ '), N-O (1515 cm™ "), C-H
(1465 cm™" and 1450 cm™ '), C-N (1279 cm™ '), C-O or C-N
(1258 em™"), C-N or C-O (1175 ecm '), C-O (1124 cm *,
1109 em™ " and 1073 cm™ '), CO-O-CO (1037 cm™ '), C=C (925~
960 cm™ '), C-H or C—=C (870 cm™ "), C-H or C—=C (835 cm ),
and C-H (758 cm ™' and 693 cm ™ 1),'*1%3:36

Furthermore, the elemental composition of the CDs was
analyzed by XPS. The survey scan (Fig. 2A) indicated that the
CDs consist of C (75.5%), O (15.4%), and N (9.1%). The
existence of these three elements (and the absence of others)
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Fig. 1 Characterization of the synthesized CDs. (A) TEM image of the CDs. (B) HR-TEM images of the CDs with lattice spacings. (C) Size distribution of
the CDs. (D) XRD pattern of the CDs. (E) Raman spectrum of the CDs. (F) FTIR spectrum of the CDs dispersed in ethanol.
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is consistent with the precursors and synthesis conditions. The
high-resolution C 1s spectrum (Fig. 2B) exhibits three peaks with
binding energies of 284.6 eV, 285.8 eV, and 287.6 eV, which
could be assigned to carbon in the form of C-C/C—C, C-O/C-N,
and C=O0 respectively.”” The high-resolution O 1s spectrum
(Fig. 2C) could be de-convoluted into two peaks at 532.4 eV
(C=0) and 533.1 eV (C-0). The high-resolution N 1s spectrum
(Fig. 2D) shows three peaks with binding energies of 398.8 eV,
399.6 €V, and 400.6 eV, corresponding to N-H, pyridinic/pyrrolic
nitrogen, and graphitic nitrogen, respectively.**

3.2. Optical properties of the CDs

The UV-visible spectrum of the CD solution in ethanol is shown
in Fig. 3A. Three peaks were observed, which have been
reported by others.>**” A strong absorption peak at 278 nm
could be attributed to the n-n or n-n* transition of C—C or
C=N groups.>* The other two peaks at ~353 and 457 nm with
much lower intensities (Inset of Fig. 3A), could be due to the
lower energy of extended conjugation structure, which is a
helpful indication of long wavelength emission (e.g., the green
emission of our CDs).>>*3*

The excitation-dependent emission spectra of diluted CDs
solution in ethanol were collected and shown in Fig. 3B. When
the CDs solution was excited at shorter wavelengths, a blue
emission peak at 436 nm was observed, and an excitation of
360 nm resulted in the strongest blue emissions. Increasing
the excitation wavelength to 380 nm, two emission peaks at
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~435 nm and ~ 500 nm were observed. Further extending the
excitation wavelength, a major peak at ~506 nm was observed,
corresponding to the green emission. An excitation of 420 nm
leads to the strongest green emission. The results suggest that
dual (both blue and green) emissive CDs were obtained, similar
to our previous report on the dual emissive carbon dots.”* The
inset shows photographs of the CD solution in ethanol excited
with fiber-optics-coupled LEDs of 365 and 455 nm, demonstrat-
ing the presence of both blue and green emissions from our
developed carbon dots.

The normalized emission spectra excited at 353 nm and
462 nm, and the excitation spectra with emission wavelengths
of 506 and 437 nm are shown in Fig. 3C. With an emission
wavelength of 506 nm, two major excitation peaks at 460 nm
and 365 nm were observed, as well as a minor peak at 315 nm.
The emission wavelength of 437 nm leads to an excitation
spectrum with a broad peak at ~360 nm. The results here
suggest at least two major chromophores were present. In
addition, the peaks in excitation spectra were consistent with
the UV-vis absorption spectra (Fig. 3A) and the peaks that excite
the blue and green emissions most efficiently (Fig. 3B).

CDs with dual emissive properties are uncommon. The blue
peak can be attributed to the m-PDA precursor alone under
thermal conditions,*® while the appearance of green emission
in the CDs could be possibly due to the co-precursor phe-
nolphthalein, which leads to varied surface states. In addition,
the presence of two size distributions (Fig. 1C) could potentially
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Fig. 2 The XPS spectra of the CDs. (A) Survey scan and high-resolution spectra of (B) C 1s, (C) O 1s, and (D) N 1s peaks.

2878 | Mater. Adv, 2025, 6, 2875-2884

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00021a

Open Access Article. Published on 17 2025. Downloaded on 30.10.2025 17:21:52.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

1000

View Article Online

4
0.06
;: 800
3 &
5 | 2
$ EO0311 2 600
g8, 8 MR =
S < . ®
Q RS e
2 L £ 400
\ o
0.00 o 3
14 400 500 S
3 2004
Wavelength (nm) w
0

400
Wavelength (nm)

300 500 600

500
Emission Wavelength (nm)

Paper
——3300m ‘ T o= 43m
—— 340nm 104 A A ’
Y —— 350nm I | — e =3530m
—— 3601 I \
37022 > o [\ Aem=505nm
sy 3omm| G ; \—— Ay =462nm
“ 390nm S /’ \
—— 400nm < i
——a4tonm| = i R
——— 420nm o 7 ’
430nm N 054 0" £
—— 440nm o '
450nm £ ,“
——a6onm| 2 y
——470nm h
—— 480nm y
490nm ]
500nm
0.0 : : .
600 700 300 400 500 600

Wavelength (nm)

Fig. 3 Optical properties of the CDs dispersed in ethanol. (A) Absorption spectra of the CDs in ethanol, inset shows the absorption peaks in the range of
320-550 nm. (B) The fluorescence spectra of the CDs at different excitation wavelengths showing dual emissions. Inset: Photos of CDs showing blue and
green emissions under different LED lamps. (C) Normalized emission spectra (solid line) and corresponding excitation spectra (dotted line).

explain the photoluminescence mechanisms for the dual
emissions.”*® The origin of the dual emissions could be studied
through fluorescence at the single-particle level, which is cur-
rently considered in our lab. The quantum yield (QY) of the CDs
was calculated using eqn (1) with fluorescein as a standard for
the green peak. The green peak showed a decent QY of 0.81% in
ethanol. QYs in other solvents were also measured and showed
similar values around 1-3% (Table S2, ESIt).

The CDs showed solvent-dependent properties when we
dispersed the CDs in different organic solvents. We found that
the blue emissions of the CDs obviously shifted to longer wave-
lengths when the polarity of solvents increased (Fig. 4A). The
green emissions did not show such phenomena obviously (Fig. S1,
ESIt). Changes in emission wavelengths of the CDs in different
solvents are generally attributed to the differences in the relative
polarities of the solvents (E;")."* The relationship between the
fluorescence emission wavelength and the relative polarities of
the solvent is shown in Fig. 4B. The emission peak shifted from
402 nm in Toluene (E" of 0.1) to 449 nm in methanol (E;" of
0.762). A good linear relation (R* = 0.892) between peak emission
and relative polarity of solvent was obtained.

The phenomenon of solvatochromism is frequently noticed
in fluorophore-solvent systems, and the related mechanism was
recently studied for CDs in various solvents. According to prior
research, the origin of solvatochromism in CDs can be grouped
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into two cases:*' in protic solvents, it is mainly attributed to

hydrogen bond interaction between the protic solvent and the
CDs;*>** on the other hand, in aprotic solvents, it is attributed
to a change in the surface electronic state caused by dipole-
dipole interactions.*®** In aprotic solvents, the dipole moment
has more influence on the surface electronic structure with an
increase in the solvent polarity, which reduces the energy gap
and leads to the emission peak position shifting towards longer
wavelengths.'® Red-shift of fluorescence emission in more
polar solvents is consistent with previous reports.** The surface
has a different energy level structure, and the excited electrons
in a highly polar solvent lose more energy than those in the
solvents with less polarity, which leads to a red shift of the
emission. As the solvent polarity increases, the hydration of
carbonyl groups changes the surface states of the CDs. Hydro-
gen bonds and other specific solvent-fluorophore interactions
increase the conjugation degree of the CD system, which results
in a decrease in the energy gap for t-n* transitions.® Therefore,
with the increase of solvent polarity, the CD system shifted its
emissions to longer wavelengths.

3.3. Detection of water in organic solvents

Water titration experiments were conducted to develop the CDs
as a sensor for water detection in organic solvents. When water
was gradually added into the CDs solution dispersed in
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Fig. 4 Response of the fluorescence emission of the CDs in different organic solvents. (A) Normalized blue emissions of the CDs in the different solvents

under excitation of 340 nm. (B) The linear relation between the blue emissi
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ethanol, we found that both blue emission and green emissions
quenched (under excitation at their corresponding optimum
wavelengths), and the green emission peak could be quenched
more efficiently by water than that of blue emissions (Fig. 5A
and Fig. S2, ESIt). Fig. 5A shows the changes in CDs’ fluores-
cence spectra in ethanol at various concentrations of water.
Only 3% of water in the ethanol solvent resulted in about 20%
of quenching. And 20% of water in the solvent leads to ~50%
quenching efficiency to the CDs. The limit of detection to water
detection in ethanol was calculated as low as 0.12%. Water
detection in several other organic solvents was realized as well.
In DMSO, the CDs demonstrate more efficient fluorescence
quenching by water (Fig. 5B). Only 1% water in DMSO resulted
in about 80% quenching, and the LoD to water detection in
DMSO as low as 0.01% was achieved. Besides, in MeCN,
fluorescence enhancement was observed upon interaction with
water (Fig. 5C). The normalized fluorescence spectra were also
shown in Fig. S3 (ESIf) for direct comparison. Detection of
water in other organic solvents such as methanol, DMF, and
acetone was achieved as well, and the corresponding quench-
ing or enhancement efficiencies at various concentrations of
water are shown in Fig. S4 (ESIt). The developed carbon dots
showed good properties (in sensitivity and detection range) to
water detection in organic solvents, compared with other
recently reported carbon dots for water detection, as summar-
ized in Table S3 (ESIf).

The Stern-Volmer equation (eqn (4A) for quenching and
eqn (4B) for enhancement) was used to analyze the quenching
(Fig. 5A and B) and enhancement (Fig. 5C) phenomena by water
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in EtOH, DMSO, and MeCN, and the results are shown in
Fig. 5D-F.

1_[0 =1+ Ksv[A4] (44)
I 1 + Kgv[4] (4B)
Iy

where K, is the Stern-Volmer constant in M~ ", and I, and I
denote the peak intensities in the absence and presence of
water analytes at various concentrations [A]. A linear fitting was
observed for the Stern-Volmer plot for fluorescence quenching
of the CDs in EtOH by water. Non-linear Stern-Volmer relations
were observed for water sensing in DMSO and MeCN. The
linear fitting could be attributed to either static or dynamic
quenching alone being responsible for the sensing process,
whereas the non-linear relationship is generally attributed to
the presence of both static and dynamic quenching.*

The as-synthesized CDs demonstrated dual emissions,
which provide the potential to be developed as ratiometric
sensors by taking advantage of changes of the two emissions
upon interaction with the analytes. We obtained an emission
spectrum with both blue and green emissions by tuning the
excitation wavelength (such as 380 nm). The changes of the two
emissions of the CDs in ethanol upon interaction with water
were investigated. To our surprise, when a 380 nm excitation
wavelength was used, the green emissions were enhanced,
while the blue emissions were still quenched upon the addition
of water (Fig. 6A). A similar phenomenon was observed when
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Fig. 5 Detection of water in different organic solvents with the as-synthesized CDs. Top row: Emission spectra of the green peak under varying water
concentrations. Fluorescence spectra of the CDs in different organic solvents ((A) EtOH, (B) DMSO, (C) MeCN) upon addition of water. Bottom row:
Stern—Volmer plot for the CDs fluorescence quenching in EtOH (D), DMSO (E), and enhancement in MeCN (F) by water. Optimal excitation wavelengths
in each solvent were used: 458 nm for EtOH, 464 nm for DMSO, and 446 nm for MeCN.
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corresponding fitting.

the detection of water was realized using CDs’ dual emissions in
DMSO (Fig. S5, ESIt). The ratiometric signals of Isos/I;35 as a
function of water concentrations were obtained and are shown in
Fig. 6B. The intensity ratios increase upon increasing water
concentrations, and a second-order polynomial fitting with R* as
high as 0.999 was realized. The results suggest that the dual
emission carbon dots provide ratiometric signals for water detec-
tion, which could potentially achieve the detection just through
the changes of emission colors and increase the reliability for
water detection.>® And our work present benefits for water detec-
tion achievable by changes of single emissions and ratiometric
signals from dual emissions, compared with most of the previous
reports on carbon dots for water detection via changes of single
signals (Table S3, ESIt). Therefore, our probe presents increased
reliabilities for the detection via multi-signals.

3.4. Sensing mechanism for water detection in organic
solvents.

Detections of water in both protic and aprotic solvents were
achieved. Addition of water into the CDs/protic solvents such as
alcohols, the hydrogen bonding was further enhanced. It is
generally believed that hydrogen bond interactions between

protic solvents and CDs are responsible for the CDs’ emission
properties in the solvents.*> When water was added, the hydro-
gen bonding could be changed, thus leading to the changes of
CDs’ emissions. When water was detected in aprotic solvents
via the CDs, the electronic states and dipole moments were
affected, and CDs’ emissions changed.**

Changing the surface state of CDs in organic solvents upon
the addition of trace amounts of water has been proposed as
the sensing mechanism.®'* Wu et al. reported a sensing
mechanism where water molecules reacted with the surfaces
of the CDs through the hydration of the carbonyl groups to
form a gem-diol species, increasing the density of C-OH groups
accordingly.® FTIR is one powerful technique to investigate the
surface groups of CDs under different conditions.**° In order
to understand the sensing mechanism, FTIR spectra of the CDs
in ethanol at different concentrations of water were collected
and shown in Fig. 7A. We found that FTIR spectra change upon
increasing concentrations of water added to the CDs/ethanol
solution. For example, the band at 1037 cm™ ' gradually
decreased and disappeared upon increasing the water concen-
tration, and the peak could correspond to CO-O-CO stretching
of anhydride. The observation is consistent with the previous
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report that the C-O signal is significantly weakened after the
addition of water due to the interaction of the CDs with water."
The peak at 1279 cm ' also gradually decreased upon the
addition of water, which could be related to the C-N stretching
of aromatic amines. The changes of FTIR spectra for the CDs in
DMSO upon the addition of water were also obtained and
shown in Fig. S6 (ESIt), which could be related to the water
detection in another solvent through the CDs.

Furthermore, the reported CDs showed a rare phenomenon
where opposite responses (quenching and enhancement) were
observed under different excitation wavelengths upon inter-
action with water. The green emission (at ~505 nm) of the
CDs in ethanol was quenched under excitation of 460 nm upon
interaction with water, while 380 nm excitation resulted in
fluorescence enhancement for the emission. Surface states of
the CDs in organic solvents change upon the addition of water
and thus affect the excitation spectra, which is directly related to
the emission intensities under different irradiations. As such,
excitation spectra of the CDs in ethanol with an emission of
505 nm at various concentrations of water were collected
(Fig. 7B). We found that as the concentration of water increased,
the peak at 380 nm increased, and that at 460 nm decreased,
which is consistent with the aforementioned enhancement
under excitation at 380 nm (Fig. 6A) and the quenching under
460 nm (Fig. 5A). The origin of the CDs has been related to the
surface traps in the radiative transition of carbon dots. Surface
groups, such as, C-O, C—=0 and O—C-OH, can introduce
trapping states with different energy levels, making CDs emit
light that varies with excitation energy.*> Recently, Iskandar et al.
reported on the shift of absorption spectra due to C—0 on CDs’
surface with DFT simulations.*® In this work, upon addition of
water into the CDs solution in organic solvents, the oxidation
states on CDs were modified, which was corroborated by FTIR,
resulting in changes of CDs’ excitation spectrum. The changes in
excitation spectra clearly explain the opposite responses of green
emissions under different excitations.

4. Conclusions

We have developed dual emissive CDs using m-phenylenediamine
and phenolphthalein as precursors through a simple solvother-
mal method. The CDs showed solvent-dependent properties - the
emission shifted to longer wavelengths as the polarity of the
solvents that dispersed the CDs increased. A linear relation
between the emission wavelength and the relative polarity of
solvents was observed, and thus the CDs could be developed as
solvatochromic probes. In addition, the emission of the CDs in
organic solvents could be affected by the addition of trace
amounts of water. The presence of trace water resulted in the
green emissions’ fluorescence quenching for the CDs in EtOH/
DMSO and fluorescence enhancement in MeCN. The LoDs of
water detection could be as low as 0.12% in EtOH, 0.01% in
DMSO, and 0.006% in MeCN. In addition, by taking advantage of
dual emissions in CDs solutions, the ratiometric sensing of water
in organic solvents was achieved. The sensing mechanisms were
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proposed, and the surface groups of the CDs as well as the
excitation spectra changed upon the addition of water to the
CDs organic solutions. The obtained CDs show great potential in
chemical sensing applications due to the facile preparation, good
optical properties and multiple signals for the detection.
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