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A B S T R A C T   

Due to its chemical and physical similarities, the ultrasensitive discrimination of D2O in the presence of H2O 
remains a practical challenge. In this study, we present an approach to utilize the near-infrared (NIR) optical 
properties of H2O. Specifically, the absorption coefficient of H2O at approximately 980 nm, which is derived from 
the second overtone of the O–H stretching mode of H2O, exhibits a notable distinction from that of D2O. To this 
end, we construct and optimize a dual-NIR emissive lanthanide-doped nanoprobe with a strong emission in-
tensity at 980 nm. In addition, to enhance the reliability of the proposed sensor platform, we introduce a self- 
referenced signal at 865 nm, which shows a stable signal intensity in both H2O and D2O. Our self-referenced 
dual-NIR emission-based sensor platform successfully discriminates between D2O and H2O and shows ultra-
sensitive discrimination capabilities with a limit of detection of 0.17 nM, which has the highest sensitivity among 
that of previously reported D2O sensors.   

1. Introduction 

Heavy water (D2O) is an isotopic species of H2O and has significant 
implications for various fields, including chemical reactions, nuclear 
reactors, and biological analysis [1,2]. The purity of D2O, a crucial 
factor, must be considered in all these applications because its impurities 
can affect the rate and yield of chemical reactions and alter the prop-
erties of the final products [3]. However, discriminating between D2O 
and H2O remains an ongoing challenge because D2O is highly hygro-
scopic, and its chemical and physical properties are very similar to those 
of H2O [4]. Traditional methods for the discrimination of D2O, including 
nuclear magnetic resonance and Fourier transform infrared (FT-IR), are 
widely available. However, these methods often require expensive 
equipment, are time-consuming, and may suffer from relatively so-
phisticated operation processes [5]. 

Optical sensors have emerged as a promising alternative method for 
D2O detection owing to their various advantages, such as rapid and user- 

friendly processes [1,2,6–8]. Previous research has demonstrated that 
luminescence quenching originates from the high-energy vibrations of 
solvent molecules. In particular, solvents containing a hydroxyl group 
(with an O–H vibration frequency of approximately 3500 cm–1) can 
elevate the vibrational relaxation rate, thereby resulting in a reduction 
in luminescence intensities. However, when the oxygen of the hydroxyl 
group is replaced by deuterium, the vibrational relaxation rate decreases 
because of the lower vibrational frequency of O–D (2550 cm–1) 
compared with that of the O–H group [9,10]. Nonetheless, owing to the 
small difference in frequency, substantial challenges remain in quanti-
fying D2O in H2O with high sensitivity. 

In this study, we exploit the strong absorption coefficient of H2O in 
the infrared region at a wavelength of 980 nm to distinguish between 
H2O and D2O. This phenomenon is attributed to the second overtone of 
the O–H stretching mode of H2O (v = 3, ε980 = 4⋅10− 3 cm− 1M− 1), 
whereas D2O exhibits a negligible absorption coefficient (v = 4, ε980 <

10− 5 cm− 1M− 1). At this specific wavelength, there is a two-order of 
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magnitude difference in absorption coefficient at 980 nm between H2O 
and D2O.[11]. 

We present an approach for the ultrasensitive discrimination of D2O 
and H2O using the 980 nm-emission of lanthanide-doped nanoprobes 
(D2O/H2O discriminating nanoprobes, DHDNs) (Fig. 1). DHDNs were 
optimized to emit strong luminescence at 980 nm, which overlaps with 
the strong absorption of H2O under 808 nm excitation, and a negligible 
absorption wavelength at 865 nm for both D2O and H2O [12,13]. To the 
best of our knowledge, this is the first report of a D2O sensor platform 
that utilizes the near-infrared (NIR) optical properties of H2O [2,14,15]. 
To ensure the reliability of the proposed sensor platform, we introduced 
an additional signal at 865 nm from the DHDN as a self-referenced 
signal. Because this is not perturbed by absorption in either D2O or 
H2O, this 865 nm-signal is an ideal reference signal for our D2O sensor 
platform. Reference signals are essential in sensor applications because 
they precisely compensate for fluctuations in light intensity that may 
occur during the measurement process, including environmental con-
ditions, noise, and light scattering [16,17]. This reference signal is called 
the ratio-metric approach, which relies on analyte-induced changes in 
two or more signals and greatly improves the quality of quantification 
[18–20]. Finally, the proposed sensor platform exhibited a remarkable 
discrimination capability with an ultralow limit of detection (LOD) of 
0.17 nM, essentially surpassing the sensitivity of previously reported 
D2O sensors. Therefore, we believe that our sensor platform has great 
potential in various fields where ultrasensitive discrimination of D2O is 
required, such as in chemistry, physics, and biology. 

2. Experimental 

2.1. Materials 

Neodymium (III) acetate hydrate (99.9 %), ytterbium (III) acetate 
hydrate (99.9 %), yttrium (III) acetate hydrate (99.9 %), neodymium 
(III) chlorides (99.9 %), oleic acid (OA, 90 %), 1-octadecene (ODE, 90 
%), sodium hydroxide (NaOH, ≥ 98 %), ammonium fluoride (NH4F, ≥
99.9 %), ethanol (absolute), methanol (≥ 99.8 %), cyclohexane (≥ 99 
%), tetrahydrofuran (THF, ≥ 99.9 %), dopamine hydrochloride (≥ 99.9 
%), and hydrochloric acid (HCl, 37 %), Phosphate buffered saline (PBS), 
4,5,6,7-tetrachloro-2′,4′,5′,7′-tetraiodofluorescein (Rose Bengal), 

Methylthioninium chloride (Methylene blue), Deuterium oxide (D2O, 
99.9 %) were purchased from Sigma-Aldrich, St. Louis, Mo, USA. 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 1M) 
was purchased from ThermoFisher Scientific Inc, Waltham, MA, USA. 

2.2. Synthesis of dual-NIR emissive D2O/H2O detecting nanoprobes 

D2O/H2O discriminating nanoprobe (DHDN) was synthesized by the 
thermal decomposition method of lanthanide acetate precursors. In the 
general process of core DHDN’s synthesis, Ln(CH3CO2)3 (Ln = Y, Nd, or 
Yb total 0.4 mmol) was mixed with 3 mL of OA and 7 mL of ODE. The 
mixture was heated up to 150 ◦C, held for 1 h, and then cooled to 50 ◦C. 
Continuously, 5 mL of a methanolic solution of NaOH (1 mmol) and 
NH4F (1.6 mmol) was added to the oleate–lanthanide solution and then 
stirred at 50 ◦C for 1 h. The obtained solution was subsequently heated 
to 100 ◦C and degassed through the vacuum pump for 1 h. Thereafter, 
the solution was heated to 300 ◦C and maintained under argon gas for 
1 h. Finally, as-synthesized DHDN was cooled down to room tempera-
ture. The Final core DHDN was collected by centrifugation (3000 rpm) 
and washed 3times. The final product was re-dispersed in cyclohexane 
(2 mL) for the synthesis of the core@shell DHDN. The core@shell DHDN 
was synthesized following an identical procedure with a few modifica-
tions to the synthesis of core DHDN. Ln(CH3CO2)3 (Ln = Y, total 
0.2 mmol) Ln(CH3CO2)3 (Ln––Y, total 0.2 mmol) were used in the syn-
thesis of core@shell DHDN. 

2.3. Water-solubilizations of DHDN 

15 mg of the as-synthesized DHDN was dissolved in THF solution, 
while dopamine hydrochloride (50 mg) was dissolved in deionized 
water. Subsequently, these solutions were mixed in 7 mL of THF solu-
tion. Thereafter, the mixture is then placed in a 50 mL flask and heated 
at 50 ◦C with vigorous agitation under argon atmosphere for 5 h. 100 μL 
of 1 M HCl was added to the solution and the resultant NH2-ligand 
DHDN was collected by centrifugation (10,000 rpm) and washed 3 
times. Water-soluble DHDN was re-dispersed in water (1 mL) for D2O 
sensing. 

Fig. 1. Schematic illustrations of the developed D2O/H2O discriminating nanoprobe (DHDN) and their D2O sensing process.  
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2.4. D2O sensing using a lab-made portable sensing platform 

Gradual dilutions of D2O in H2O solutions were prepared from 2.7 M 
to 0.55 nM. Then, 100 ug of DHDN was dispersed in a prepared D2O/ 
H2O solution. The solution was then transferred to a 
12.5 mm * 22.5 mm transparent quartz cuvette. Afterward, the cuvette 
was placed onto the lab-made portable detection platform. Thereafter, 
the discrimination of D2O in H2O was conducted by monitoring the 
980 nm and 865 nm luminescence intensity using the USB NIR camera 
with a mobile device under excitation at 808 nm. The LOD of D2O/H2O 
was calculated from the calibration curve from the average of three 
independent tests. LOD was defined based on the equation 3.3σ/S where 
σ is the standard deviation and s is the slope of the calibration curve. 

2.5. Characterizations 

In this study, the UV–visible absorption spectra were recorded on the 
Cary 5000 UV-Vis-NIR spectrophotometer (Agilent, USA) installed at the 
Center for Polymer and Composite Materials, Hanyang University 
(Seoul, Republic of Korea). The TEM data of the D2O/H2O discrimi-
nating nanoprobe (DHDN) were obtained by JEOL JEM 2100F Trans-
mission Electron Microscope installed at the Hanyang LINC3.0 Center 
for Research Facilities (Seoul, Republic of Korea). The XRD patterns of 
the DHDN were measured by DB Advance X-ray diffractometer (Bruker 
Co., USA). A Zetasizer Nano ZSP instrument (Malvern Co., UK) was used 
to determine the zeta potentials and the size of the DHDN. The Fourier 
transform infrared (FT-IR) spectra of the DHDN were obtained by using 
an iS10 Fourier transform infrared spectrophotometer (Thermo Fisher 
Scientific Co., USA). The photo luminescence emission spectra were 
recorded using a Flame spectrometer (Ocean Optics, Inc., USA) under 
external excitation at 808 nm provided by an infrared diode laser 
(Changchun New Industries Optoelectronics Tech. CO., China). The NIR 
emission wavelength was selectively measured using 980 nm bandpass 
filter (Semrock, ff-01–800/12–25, Edmund 980 nm CWL, 12.5 mm Dia., 
Hard Coated OD 4.0 10 nm), 860 nm bandpass filter, (Thorlabs 
FBH860–10 Bandpass Filter, Ø25 mm, CWL = 860 nm, FWHM = 10 nm) 
and NIR camera connected to a mobile device, which was placed on the 
3D printed holder. 

3. Results and discussion 

3.1. Synthesis and characterization of dual-NIR signal emissive DHDNs 

To construct a dual-NIR signal-emissive nanoparticle (NP), Nd-Yb co- 
doped NaYF4 NPs were synthesized using a thermal decomposition 
synthesis method [21,22]. The NaYF4 crystal structure is regarded as a 
lattice host material that facilitates efficient energy transfer between 
co-doped Nd3+ and Yb3+ ions [23–25]. In Nd-Yb co-doped NaYF4, the 
Nd3+ ions act as both sensitizer and activator ions that absorb and emit 
irradiation at 808 and 865 nm, respectively. Simultaneously, the energy 
transferred to the Yb3+ ion acts as an activator ion, thus enabling 
980 nm emission (Fig. S1). 

To achieve a strong luminescence intensity at 980 nm, the optimal 
concentration of Nd3+ was first investigated for NaYF4:Ndx% and Yb5 
%. As-synthesized NPs have a spherical morphology and the diameters 
of Nd15 %, Nd10 %, Nd15 %, Nd17 %, and Nd 20 % were 18.3 ± 1.2, 
17.5 ± 2.0, 20.6 ± 2.0, 17.1 ± 1.8, and 18.0 ± 2.0 nm, respectively 
(Fig. S2a). The X-ray diffraction (XRD) patterns of the NaYF4:x%Nd,5 % 
Yb NPs were confirmed to have a hexagonal phase, which is well known 
to be the preferred phase of the host material for efficient luminescence 
in lanthanide-doped NaYF4 (Fig. S2b) [26–28]. The NIR emission 
spectrum of NaYF4:x%Nd,5 %Yb was monitored at 865 (4F3/2 → 4I9/2) 
and 980 nm (2F5/2 → 2F7/2) under 808 nm-laser excitation (Fig. S2c and 
S2d). As the concentration of Nd3+ increases, two competing effects 
occur: an improved capability for absorbing excitation energy and 
cross-relaxation-induced luminescence quenching between Nd3+ ions. 

Therefore, the optimal concentration of Nd3+ ions was determined to be 
17 % based on the brightness optimization of the 980 nm-emission. 

Subsequently, further optimization of the Yb3+ dopant ions was 
conducted. TEM images of as-synthesized NaYF4:17 %Nd,y%Yb 
revealed that their morphology was uniform and spherical, with the 
average sizes of Yb3 %, Yb5 %, Yb7 %, Yb10 %, and Yb15 % calculated 
as 16.8 ± 1.4, 17.1 ± 0.9, 21.1 ± 5.6, 18.5 ± 4.3, and 18.8 ± 2.4 nm, 
respectively (Fig. 2a). The XRD patterns revealed that the NP phase of 
the NPs is consistent with the hexagonal phase (Fig. S3). After opti-
mizing the Nd-Yb co-doped NaYF4, we determined that the optimal 
concentration with the highest luminescence intensity at 980 nm was 
NaYF4:Nd17 % and Yb5 %. (Fig. 2b and 2c). 

Finally, the as-synthesized core of the NaYF4:17 %Nd,5 %Yb NP was 
encapsulated by the inert-NaYF4 shell to minimize surface defects and 
enhance its optical properties. This encapsulation of NaYF4 could ach-
ieve high luminescence intensity while eliminating noise from excitation 
by using a lower energy source than the core NP. [29,30]. Owing to 
encapsulation, the size of the NaYF4:Nd17 %Yb5 %@NaYF4 NP, which is 
a DHDN, increased from 17.1 ± 0.9–23.9 ± 3.2 nm (Fig. S4a). The 
characteristic absorption of the Nd3+ ion peak at approximately 800 nm 
remained unchanged after encapsulation [31], and the emission in-
tensities increased by approximately 1.45-fold at the detection signal 
(980 nm) and 1.6-fold at the reference signal (865 nm) (Fig. S4c). The 
NIR emission intensity of the DHDN showed a substantial spectral 
overlap with the absorption of H2O in the 980 nm region, whereas no 
significant absorption of H2O was observed near the reference signal of 
865 nm (Fig. 2d). By contrast, D2O exhibited no significant absorbance 
in the NIR region. Therefore, the unique absorption properties of H2O 
and D2O make our proposed dual-NIR emissive DHDN ideal for sensing 
D2O at a 980 nm signal with a reference signal in the 865 nm-region. 

3.2. NIR optical properties of DHDNs in D2O and H2O 

The feasibility of the proposed method was examined by evaluating 
the luminescence properties of the DHDN dispersed in D2O and H2O 
under 808 nm-excitation. To this end, a water-soluble DHDN was pre-
pared via an ionization process using dopamine hydrochloride for 
practical use in H2O [7,32,33]. Owing to ionization, FT-IR spectroscopy 
revealed ligand exchange, as confirmed by the appearance of two new 
bands at 1608 and 3390 cm–1 (Fig. S5a), which were attributed to N–H 
bending and the stretching of amine groups. [34] Furthermore, zeta 
potential profiles confirmed the positively charged amine-treated 
NH2-NPs after ligand exchange (30.0 mV) (Fig. S5b) [35]. In addition, 
the absorbance property of the dopamine ligand was compared with 
DHDN and dopamine hydrochloride dispersed in distilled water 
(Fig. S6). To assess the stability of the DHDN, they were dispersed in 
distilled water and stored at 4 ◦C, while monitoring changes in lumi-
nescence intensity and the polydispersity index (PDI) via dynamic light 
scattering. As shown in Fig. S7, the size and luminescence intensity of 
the DHDN exhibited negligible change over the one-week observation 
period. 

Owing to water solubilization, the intensity of the detection signal at 
980 nm decreased significantly by up to 86 % in H2O. Conversely, the 
reference signal at 865 nm showed negligible changes in both D2O and 
H2O (Fig. 3a). This notable luminescence quenching at 980 nm suggests 
its potential for the quantification of D2O in H2O, and the stable signal at 
865 nm can be used as a good reference signal. As illustrated in Fig. 3b, 
we provide an energy transfer model from the DHDN to H2O or D2O. The 
energy transfer model suggests that energy transfer only to the second 
overtone of the O–H stretching mode of H2O is possible. To provide 
additional evidence of nonradiative energy transfer, we investigated the 
lifetime properties. As shown in Fig. 3c, the lifetime decay of the 
detection signal was observed at 126.4 μs in D2O and 43.3 μs in H2O. 
This considerable reduction in the lifetime decay of approximately 65.7 
% demonstrated their nonradiative energy transfer from Yb3+ ions (2F5/2 
→ 2F7/2) to the O–H vibrations of H2O (v = 3) [36]. Inset images of the 
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NIR optical image also show the strong attenuation of the 
980 nm-emission by H2O. However, the lifetime of the reference signal 
confirmed negligible changes in both D2O and H2O (45.8 and 46.8 μs, 
respectively) (Fig. 3d). Moreover, we compared the NIR optical images 
of the DHDN in serially diluted solutions of D2O and H2O obtained at 
980 and 865 nm, respectively. Optical images were obtained using an 
NIR camera with a bandpass filter and monitored using a lab-made 
detection platform (Fig. S8). This portable detection platform 
comprised an NIR USB camera, USB adapter, bandpass filter, cuvette, 3D 
printed holder, and smartphone. The NIR emission images from the 
portable detection platform were captured using a smartphone. The NIR 
emission intensity of the DHDN at the detection signal decreased as the 
concentration of D2O decreased, whereas it remained constant in the 
reference signal under 808 nm-excitation (Figs. 3e and 3f). These results 
indicate that our dual-NIR-emissive DHDN enabled the quantification of 
D2O in H2O and a self-referencing capability. 

3.3. Ultrasensitive quantifications of D2O and H2O via a dual-NIR 
emission-based sensing platform 

Finally, the ultrasensitive discrimination ability of the developed 

sensor platform was tested. Mixtures of D2O/H2O solutions were sub-
jected to measurements at 980 and 865 nm under 808 nm-excitation 
using our lab-made sensor platform. The quantification of D2O in H2O 
(Fig. 4a) showed that the detection signal increased with increasing 
concentrations of D2O (from 0.55 nM to 550 μM). By contrast, the 
reference signal at 865 nm showed no obvious changes with increasing 
concentrations of D2O. The corresponding calibration curves (detection 
signal/reference signal) are shown in Fig. 4b, exhibiting a relatively 
high coefficient of determination (R2 = 0.99), with the LOD calculated 
as 0.17 nM. 

Given our success in quantification, we further tested the perfor-
mance of D2O sensing in various H2O-based solutions, including a PBS 
buffer, HEPES buffer, diluted Rose Bengal solution, and diluted methy-
lene blue solution. The most used buffer solutions in biological experi-
ments and colored stain were chosen. In conventional D2O sensors, these 
salt buffer solutions can affect the performance of the D2O sensor during 
operation. In addition, optical-based D2O sensors, which rely on visible 
emissions, are not available for these various colored solutions because 
they can affect the color of the samples being analyzed, thus causing 
noise. Our proposed approach utilizes NIR absorption and emission, thus 
demonstrating its potential for successful detection in both buffer and 

Fig. 2. Characterizations and optimizations of dual-NIR emissive DHDN. (a) TEM images of NaYF4:Nd:17 %,Yb:x%. (b) 865 nm and 980 nm NIR emission 
spectra of NaYF4:Nd:17 %,Yb:x%. (c) Corresponding intensities of 865 nm and 980 nm NIR emission of NaYF4:Nd:17 %,Yb:x%. (d) Emission spectrum of DHDN in 
865 nm and 980 nm with absorption spectra of D2O and H2O. 
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colored solutions. To demonstrate this, the absorption properties of 
various solutions were monitored (Fig. 4c). These absorption properties 
in the NIR region were solely due to H2O, thus suggesting that the 
various solutions were independent in these NIR regions. Next, we 
evaluated the changes in the detection and reference signals in a 10 % 
D2O diluted solution. Fig. 4d shows that the emission intensity remains 
stable in pure H2O, various buffer solutions, and diluted dyes, thus 
demonstrating that the presence of salts or dyes in these solutions does 
not affect the signal intensity. This minor fluctuation indicates that the 
proposed D2O sensing method is highly applicable for practical H2O- 
based solutions. To compare these results with those of other optical- 
based D2O sensors, the LOD and operation types of other sensors re-
ported in literature are summarized in Table S1. These results highlight 
the remarkable sensing performance of our sensor platform with an LOD 
of 0.17 nM, which is the most sensitive D2O sensing approach to date. 

Therefore, we report that our developed sensor platform is capable of 
accurate measurements and ultrasensitive discrimination between D2O 
and H2O. 

4. Conclusions 

We demonstrated a self-referenced dual-NIR emission-based D2O 
sensing platform. The developed DHDN was optimized to emit strong 
emission intensities at 980 and 865 nm as the D2O detection and 
reference signals, respectively. Owing to the strong absorption of H2O 
based on a specific wavelength of 980 nm, our D2O sensor platform 
exhibited outstanding performance with an ultrasensitive LOD of 
0.17 nM for D2O. To the best of our knowledge, this study represents the 
most sensitive D2O sensor platform compared with previously reported 
D2O sensors. Furthermore, the reference signal at 865 nm offered a 

Fig. 3. Characterizations of DHDN in D2O and H2O. (a) NIR emission spectra of DHDN dispersed in D2O and H2O, respectively. (b) Schematic illustrations of the 
energy transfer from DHDN to D2O and H2O in D2O or H2O. (c) Time decay measurement profile of DHDN in D2O and H2O at 980 nm-emission. (d) Time decay 
measurement profile of DHDN in D2O and H2O at 865 nm-emission. (e) 980 nm-luminescence images of different concentrations of D2O solutions under 808 nm 
excitation. (f) 865 nm-luminescence images of different concentrations of D2O solutions under 808 nm excitation. 
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stable signal intensity in both D2O and H2O. Thus, our D2O sensor 
platform demonstrated high sensitivity and an accurate D2O detection 
process. In addition, the advantages of this NIR region provided a sensor 
platform that could be used for practical H2O-based buffer solutions, 
including PBS, HEPES, and various colored solutions. This study pro-
vides the first report of a detection method for D2O in the NIR region and 
has great potential for further applications in fields that require the ul-
trasensitive discrimination of D2O and H2O. 
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