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1. Introduction

The first systematic report on the tem-
perature dependence of liquid water 
absorption in the near-infrared (NIR) was 
published in 1925.[1] In that work, it was 
already proposed that the complex spec-
trum of water results from the coexist-
ence of two kinds of water molecules (or 
water states) whose relative concentration 
depends on the temperature. This inter-
pretation was based on the assumption 
given by Röntgen in 1892 to explain the 
anomalous properties of liquid water.[2] 
Röntgen denoted the water molecules 
belonging to these two states as water 
molecules and ice molecules. At that time, 
it was supposed that they were related 
to single water molecules (called hydrol) 
and aggregates of two or three molecules 
(called dihydrol or trihydrol, respec-
tively). The simultaneous presence of 
these molecules should contribute to the 
experimentally observed broadening of the 

The application of nanoparticles in the biological context generally requires 
their dispersion in aqueous media. In this sense, luminescent nanoparticles 
are an excellent choice for minimally invasive imaging and local tempera-
ture sensing (nanothermometry). For these applications, nanoparticles must 
operate in the physiological temperature range (25–50 °C) but also in the near-
infrared spectral range (750–1800 nm), which comprises the three biological 
windows of maximal tissue transparency to photons. In this range, water 
displays several absorption bands that can strongly affect the optical proper-
ties of the nanoparticles. Therefore, a full understanding of the temperature 
dependence of water absorption in biological windows is of paramount 
importance for applications based on these optical properties. Herein, the 
absorption spectrum of water in the biological windows over the 25–65 °C 
temperature range is systematically analyzed, and its temperature dependence 
considering the coexistence of two states of water is interpreted. Additionally, 
to illustrate the importance of state-of-the-art applications, the effects of the 
absorption of water on the emission spectrum of Ag2S nanoparticles, the most 
sensitive luminescent nanothermometers for in vivo applications to date, are 
presented. The spectral shape of the nanoparticles’ emission is drastically 
affected by the water absorption, impacting their thermometric performance.
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absorption bands in the liquid state compared to the vapor state 
spectrum. As the temperature rises, the relative amount of 
water molecules should increase at the cost of ice molecules, 
determining the temperature dependence of the peak posi-
tion, shape, and intensity of most absorption bands in liquid 
water. Although several works have dealt with the spectrum of 
liquid water in different spectral regions,[3] the number of those 
dealing with the spectral range encompassing the biological 
windows (NIR-I: 750−950  nm, NIR-II: 1000−1350  nm, NIR-
III: 1500−1800 nm[4]), where the luminescence of most of the 
nanoparticles for deep tissue imaging occurs, is still scarce.[5] In 
addition, the temperature dependence of the main absorption 
bands in this spectral range has also been barely analyzed.[1,5c,6] 
As practically all nanoparticle-based applications use water or 
water-based solutions as dispersants, it is evident that a careful 
analysis of the temperature dependence of the main absorption 
bands of liquid water in the biological windows is of paramount 
importance. In fact, these bands can dramatically affect the 
emission spectra of the nanoparticles due to an inner absorp-
tion filter effect.

As predicted by Röntgen, nowadays it is widely accepted 
that the molecules of liquid water display at least two different 

structural arrangements (water states) in the physiological 
range of temperature.[7] Despite the nature of these states 
still being a matter of debate, plenty of information has been 
obtained concerning the structure and arrangement of water 
molecules in both states.[7c,8] Figure 1 illustrates the two water 
states, which were herein labeled as ice state and free state, 
departing slightly from the terms ice molecules and water mole-
cules adopted by Röntgen just to avoid chemical misinterpre-
tations. Indeed, recently reported experimental results have 
confirmed that, in the simplest approach, liquid water consists 
of two water states.[8,9] At temperatures close to 0 °C the water 
molecules mainly form clusters of few molecules, giving an 
average dipole moment of 2.8 D for each water molecule. This 
scenario corresponds to the ice state in Figure  1. As the tem-
perature is raised, these clusters are being decoupled to form 
free molecules (free state) with a much lower average dipole 
moment of 1.8 D.[10]

Within this simple scheme, the molecules in the ice state 
should be dominating at room temperature, while molecules in 
the free state should predominate at temperatures close to the 
boiling point (100 °C in pure water). As a matter of fact, sev-
eral physicochemical properties of liquid water show a change 
in the behavior at temperatures around 40–50 °C.[9–11] The tem-
perature at which these changes occur has been lately labeled 
crossover temperature. At temperatures below the crossover 
point, water molecules are mostly arranged in organized clus-
ters (ice state) while above the crossover temperature these clus-
ters are decoupled to produce free water molecules (free state). 
This model was successfully applied by Labrador-Paez et al. to 
explain the anomalous thermal properties in the luminescence 
of Eu3+ aqueous complexes[12] and nanocrystals in water,[13] 
while Brites et al. moved within this framework to describe the 
crossover temperature observed in the Brownian velocity of col-
loidal upconverting nanoparticles in water.[9] In this sense, the 
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Figure 1.  Schematic (artistic) representation of the two kinds of water states coexisting in liquid water. Molecules in the ice state should belong to 
ordered structures (small clusters), while molecules in the free state should be almost free molecules, close to the ones observed in the vapor state.
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changes in the absorption spectrum of water at different tem-
peratures must be due to the coexistence of both states.

In this paper, we have carried out a systematic analysis of 
the liquid water absorption spectrum in the biological win-
dows (750–1800 nm) within the 25–65 °C range—a temperature 
range that encompasses the physiological range (25–50 °C). The 
main absorption bands have been explained as the convolution 
of two Gaussian components, each of them corresponding to 
one of the two above-mentioned states of liquid water. Despite 
its simplicity, this approach reasonably explains the tempera-
ture dependence of the shape of the absorption bands experi-
mentally observed.

From a practical standpoint, the absorption of liquid water 
can seriously affect the emission spectral shape of nanoparti-
cles in aqueous colloidal dispersions, therefore reducing their 
reliability for thermal sensing when used as luminescent nano-
thermometers in biological and/or biomedical applications.[14] 
Among the proposed nanothermometers, those based on bio-
compatible Ag2S nanoparticles (NPs) are the best-performing 
ones.[15] Their performance is related to their high brightness 
(the product between absorption cross-section and emission 
efficiency) in the NIR-II window (1000–1350 nm) and the large 
sensitivity of different emission features to slight temperature 
variations within the physiological temperature range. Thus, 
the second part of this work is dedicated to the evaluation of 
the effect of water absorption on the emission shape of Ag2S 
NPs and how the temperature variation of the absorption 
bands of water affects the thermometric properties of these 
nanoparticles.

2. Background: Water Molecule Vibrations and 
Their Near-Infrared Absorption
Water molecules display three normal vibrational modes that 
involve symmetric stretching (mode I), symmetric bending 
(mode II), and asymmetric stretching (mode III) of the cova-
lent bonds. They can be properly described by the three corre-
sponding vibrational quantum numbers ν1 (mode I), ν2 (mode 
II), and ν3 (mode III). In the ground state, these quantum 
numbers are all equal to 0, so the ground state can be labeled 
as (0, 0, 0). The fundamental vibrational transitions of a water 
molecule correspond to transitions in which only one of the 
three vibrational quantum numbers changes by one unit. Thus, 
following the selection rule Δνi = 1, these transition bands are 
usually written as[16]

Mode I: (0, 0, 0) → (1, 0, 0);
Mode II: (0, 0, 0) → (0, 1, 0);
Mode III: (0, 0, 0) → (0, 0, 1).

For individual molecules (free state), these absorption funda-
mental transitions lie at 2.73 µm (mode I), 6.27 µm (mode II), 
and 2.66 µm (mode III), and thus, spectrally far away from the 
biological windows. Nevertheless, due to anharmonicity, further 
transitions are allowed from the ground state (0, 0, 0) to higher 
states with Δνi  > 1 (overtones) and even to excited states with 
a simultaneous change of more than one vibrational quantum 
number, i.e., transitions from the (0,0,0) fundamental state to a 

(ν1, ν2, ν3) excited state, upon absorption of a single photon. In 
the latter, typically called combination transitions, the excited 
state is a mixture of the three vibrational modes.

The previously mentioned transitions have been used to 
describe the absorption spectrum of water in the vapor state,[16] 
as it is the closest situation to free water molecules. However, 
compared to the vapor state, the absorption bands of liquid 
water are noticeably broader, the peaks are usually shifted and 
they may exhibit several new features. This is partially due to 
intermolecular vibrations (collective excitation of several mole-
cules) giving rise to a whole new array of vibrational states of 
the molecule for the same vibrational quantum numbers.[17] 
Nevertheless, the main features of the liquid water absorp-
tion resemble somehow the ones from individual molecules 
and hence those observed in the vapor phase.[16] Despite the 
main absorption bands of liquid water have been well labeled 
in terms of transitions using the quantum numbers of single 
molecules, the general recognition that liquid water displays 
two states[7] produces a more complex structure of its absorp-
tion spectrum with respect to the one exhibited by water mole-
cules in the vapor state. Thus, in a first approach, this struc-
ture could be described via the superposition of the spectra of 
these two states. As a matter of fact, a two-state outer-neighbor 
bonding model already provided a good microscopic explana-
tion for the temperature dependence of pure liquid water’s 
absorption in the visible-NIR (550–900 nm) spectral region.[6c]

3. Experimental Results and Discussion

3.1. Absorption of Liquid Water in the Biological Windows

First, since the scattering of water compared to its absorption 
is very small, we have considered that it can be neglected, and 
so the term absorption is herein used as a synonym for extinc-
tion in water. Figure  2 shows the room temperature (25 °C) 
absorption coefficient (α) spectrum of ultrapure water (pH = 7)  
in the wavelength range 800–1700 nm, i.e., in the spectral 
range of interest for deep-tissue biomedical applications. The 
well-known biological windows NIR-I (750−950 nm), NIR-II 
(1000−1350 nm), and NIR-III (1500−1800 nm) have also been 
indicated in this figure. The spectrum consists of three main 
overlapping bands whose intensity increases at longer wave-
lengths. These bands, roughly centered at 1000, 1200, and 
1450 nm, have been labeled as bands I, II, and III, respectively. 
It can be noted that band I arises in the boundary between 
NIR-I and NIR-II, band II falls within NIR-II, and band III 
demarcates the end of NIR-II and the beginning of NIR-III. 
It is also important to mention that previously reported bands 
peaking at 836 and 888 nm[5c,6c] are too weak and hence negli-
gible compared to the main bands I, II, and III.

According to previous review works,[16] these bands can 
be mostly assigned to vibrational combination transitions 
(see Section 2). The dominant absorption band III should be 
assigned to the vibrational combination transitions (0, 0, 0) → 
(a, 0, b), a and b being integer numbers in which; a + b = 2. 
The weaker absorption bands are associated with transitions 
(0, 0, 0) → (a, 1, b); with a + b = 2 (band II), and (0, 0, 0) → (a, 
0, b); with a + b = 3 (band I). A careful inspection of the shape 
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of these bands reveals that they are not single absorption 
bands but consist of more than one component. This observa-
tion is supported by the shape of the second derivative of the 
absorption spectrum (see the top part of Figure 2). Each band 
is composed of at least two main components (two minima 
in the corresponding second derivative spectrum) peaking at 
965 and 990 nm (band I), 1155 and 1195 nm (band II), and 
1415 and 1460 nm (band III). Importantly, the high-energy 
component of each band is closer to the main peaks reported 
for water molecules in the vapor state (940 nm (band I), 1130 
nm (band II), and 1380 nm (band III)) than the low energy 
components.[16]

3.2. Temperature Dependence of the Absorption Bands

The absorption spectrum of liquid water (and its second deriva-
tive) was systematically recorded as a function of temperature 
in the range 25–65 °C, with temperature steps of 5 °C (see 
Figure S1 in the Supporting Information). Figure  3a shows 
the absorption spectra taken at different temperatures for 
each band separately. This figure reveals that both the shape 
and the maximum values of the absorption coefficient (αmax) 
of each band are affected by temperature changes. In general, 
αmax of each band is slightly increased (Figure  3b) and blue-
shifted (Figure 3c) as the temperature increases, in good agree-
ment with previous results.[5c,6e,6f,6h] More precisely, αmax of 
bands I and II increase by about 11% and 22%, respectively, 
while αmax of band III only increases by about 1.5%, The blue-

shifts observed in these bands are about 5 nm (53 cm−1, band 
I), 5 nm (37 cm−1, band II), and 20 nm (97 cm−1, band III). An 
important aspect is that signatures of a bilinear behavior appear 
in the temperature-induced blue-shift trends (peak position vs 
temperature, Figure 3c) of bands I and III, showing a crossover 
temperature at around 45 °C. Bilinear behaviors have been pre-
viously observed in many physical properties of liquid water.[11] 
These behaviors have indeed been related to the coexistence of 
the two different states (free and ice) of water molecules in the 
liquid phase, whose relative concentration changes with tem-
perature and produces a crossover temperature between 40 and 
50 °C,[9,11,12] depending on the pH of the medium.[12]

To interpret the results given in Figure 3, we assumed the 
simple two-states approach of liquid water described in the 
Introduction Section, therefore, each absorption band was 
fitted by the convolution of two Gaussian components. Within 
this model, the two components of each band should cor-
respond to the two above-mentioned states of liquid water. 
Figure 4a shows the best fit obtained for the three NIR absorp-
tion bands at room temperature (25 °C). All the absorption 
bands are reasonably fitted (r2 varying between 0.982 and 
0.993) by the convolution of two bands, labeled as ice and free 
with the ice bands peaking at longer wavelengths than the 
free ones. We could now establish that the dominant bands at 
lower temperatures should be related to the ice state, while the 
weak bands should be related to the free state, i.e., to the small 
number of free molecules coexisting with the ice molecules  
at 25 °C.

The next step was the evaluation of the evolution of the 
ice and free components of the three absorption bands upon 
heating. For this purpose, the two-band convolution was 
obtained at each temperature. It is important to point out that 
the peak positions (λmax) of the ice and free components were 
obtained from the corresponding position of the second deriva-
tive minima at a given temperature (see Figure S1, Supporting 
Information) and optimized during the middle step of the fit-
ting procedure, so they are not varying parameters as described 
in the Experimental Section. Thus, in the last step of the fit-
ting process, the only free parameter is the value of αmax of 
the ice and free components that should be related to the rela-
tive concentration of molecules in the ice and free state at each 
temperature.

Figure 4b shows that as temperature rises, the net absorption 
of free bands increases while the one corresponding to the ice 
bands decreases. In other words, a temperature increase pro-
duces an increase in the concentration of free state molecules 
and a simultaneous decrease in the concentration of molecules 
in the ice state. As shown in the upper insets of Figure 4b, this 
approach reasonably explains (within a 4% of uncertainty) the 
experimental results given in Figure 3b. In addition, this two-
Gaussian fit explains (within a 0.3% accuracy) the blue-shift 
experimentally observed as the temperature is raised. There-
fore, by this simple approach, the blue-shift and maximum 
absorption value variations induced by temperature changes 
can be reasonably explained by the increase in the concentra-
tion of molecules in the free state at the cost of a decrease in 
the concentration of molecules in the ice state. Thus, the main 
temperature-induced shape changes in the absorption bands 
of liquid water can be convincingly explained because of the 

Part. Part. Syst. Charact. 2022, 2200100

Figure 2.  Bottom: Absorption coefficient (α) spectrum of liquid water 
at room temperature. The three main absorption bands are denoted in 
different colors and labeled I, II, and III, respectively. NIR-I, NIR-II, and 
NIR-III biological windows are also displayed. Top: Second derivative of 
α. The two minima of each peak are indicated by arrows.
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disaggregation of small water clusters (ice state) into free mole-
cules (free state) as the temperature increases.

3.3. Effects on Luminescent Nanothermometers

To study the temperature effect of water absorption in an 
aqueous dispersion of nanoparticles, we have investigated the 
behavior of Ag2S nanoparticles (NPs) used as luminescent 
nanothermometers. Thus, Ag2S NPs are an excellent case study 
to examine the effect of water absorption on the spectral shape 
of NIR-emitting nanoparticles. In that vein, first, the effect of 
water absorption at room temperature on the emission shape 
of the Ag2S NPs was investigated (Section  3.3.1). Second, the 
study of how these temperature-dependent absorption effects 

can affect the thermometric properties in the physiological tem-
perature range was performed (Section 3.3.2).

3.3.1. Effect of Water Absorption on the Ag2S Nanoparticles  
Emission Spectral Shape

To investigate the effect of water absorption on the emission 
spectral shape of the Ag2S nanoparticles, the emission spec-
trum as a function of the depth in the dispersion was measured, 
as schematized in Figure  5a (for further details of the setup, 
see the Supporting Information and Figure S2). Briefly, a fixed 
volume of the Ag2S NPs/water dispersion (active volume) was 
excited while recording the room temperature emission spec-
trum after traveling through different depths h in the dispersion 

Part. Part. Syst. Charact. 2022, 2200100

Figure 3.  a) Temperature dependence of the I, II, and III absorption bands in the temperature range from 25 to 65 °C. Each band is represented after 
subtracting the corresponding background. b) Maximum value of the absorption coefficient (αmax) of each band as a function of temperature. c) Peak 
position (λmax) of the bands as a function of temperature. The results for bands I and II have been fitted into a bilinear behavior. Arrows indicate the 
temperature in which the change of slope takes place.
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(nonactive volume), given by the exceeding volume. The mor-
phological and optical characterization of the Ag2S NPs used in 
this work is given in Figure S3 in the Supporting Information.

Figure 5b shows that the emission spectral shape of the nan-
oparticles is drastically affected as h is increased. In particular, 
the long-wavelength side of the spectrum (1150–1350  nm) 

is strongly reduced when h increases and the emitted light 
pathway in the surrounding medium is increased. To explain 
this effect, we now consider how the NIR radiation emitted 
by the Ag2S nanoparticles is attenuated when traveling along 
with the surrounding medium. This attenuation is given by the 
Beer–Lambert law. According to this law, the emission intensity 

Part. Part. Syst. Charact. 2022, 2200100

Figure 4.  a) Gaussian convolution of the absorption bands at 25 °C. b) Bottom: Temperature evolution of the fitted maximum absorption coefficient 
(αmax) of the two components (ice and free) and the resulting sum (total). Top: relative error between the fitted αmax and the experimental one (αexp). 
c) Bottom: Peak position (λmax) versus temperature for the I, II, and III bands as obtained by the two Gaussian fits. Top: relative error between the 
fitted and the experimental peak position (λmax).



www.advancedsciencenews.com
www.particle-journal.com

2200100  (7 of 11) © 2022 The Authors. Particle & Particle Systems Characterization published by Wiley-VCH GmbH

reaching the detector, I(λ,h), decreases exponentially with the 
source depth as

λ λ( ) ( )∼ α λ( )− ∗I h I h, e0
ext � (1)

where I0(λ) is the emitted intensity from the active volume, λ 
is the wavelength of the emitted photons, αext(λ) is the extinc-
tion coefficient, and h* is the average distance traveled by the 
emitted photons—which depends on h and the number of 
internal reflections of the emitted photons in the cuvette wall 
before reaching the detector, h* being always larger than h. 
Extinction of emitted light can be due to both absorption and 
scattering, therefore

α λ α λ α λ( ) ( ) ( )= +abs scat � (2)

where αabs(λ) and αscat(λ) are the absorption and scattering 
coefficients, respectively. However, in the present study, the 
scattering effect can be neglected as the scattering centers (nan-
oparticles) are three orders of magnitude smaller than the ana-
lyzed wavelengths. Thus, αext(λ) ≃ αabs(λ), and Equation (1) can 
be written as

λ λ( ) ( )∼ α λ( )− ∗I h I h, e0
abs � (3)

In addition, the absorption of the Ag2S NPs dispersion at the 
spectral range of their emission (1000–1300 nm) is very small 
(see Figures S3 and S7, Supporting Information) even at high 
concentrations (up to 1 mg mL−1), so we can consider that the 
absorption coefficient αabs(λ) is just that of water.

The absorption spectrum of liquid water (dotted line) in the 
emission range of the Ag2S NPs was included in Figure 5b. It 
is important to point out that the band around 1200 nm (band 
II in Figure  2) overlaps with the long-wavelength side of the 
Ag2S NPs emission spectrum, and so this part of the emission 
will be more absorbed than the short-wavelength side. Indeed, 
Figure S4 in the Supporting Information shows that the emitted 
light at 1200 nm (i.e., the long-wavelength emission side) 
decreases exponentially with h. This behavior is satisfactorily 
explained by Equation (3) with αabs(λ) ≈ 0.33 cm−1 (the absorp-
tion coefficient of liquid water) and an average path of about 
h* = 3h (see Section S4 in the Supporting Information), as the 
emitted light travels an average path larger than the straight 
path of length h. In fact, this behavior is not observed when 
the Ag2S nanoparticles are dispersed in heavy water (D2O), 
whose absorption coefficient at this wavelength (0.02 cm−1) is 
negligible compared to that of water (see Figure S5, Supporting 
Information). Consequently, the shape modifications in the 
emission spectrum of the Ag2S NPs aqueous dispersion as h 
increases are undoubtedly due to wavelength-dependent water 
absorption of the photons emitted by the Ag2S nanoparticles. 
This result is also supported by the fact that Ag2S NPs do not 
reabsorb the signal in such spectral range around 1200 nm (see 
Section S7 in the Supporting Information).

3.3.2. Effect of Water Absorption on Ag2S Nanothermometric 
Properties

As previously discussed (Section  3.2), the absorption coeffi-
cients of water in the NIR are clearly temperature-dependent. 
Thus, water absorption effects are expected to have a sizable 
impact when Ag2S nanoparticles dispersed in water are used 
as nanothermometers. Temperature sensing using these NPs 
is based on the temperature dependence of different emission 
features. Among those ones, emission intensity, peak position, 
and the ratio between the intensity at two wavelengths are gen-
erally used.[18] Recently, the luminescence lifetime of Ag2S NPs 
has been also proposed as a reliable thermometric parameter 
to overcome the problems related to tissue absorption and scat-
tering.[19] To highlight the importance of the effect of water 
absorption, we have carried out a comparative study of the tem-
perature-dependent emission of Ag2S nanoparticles dispersed 
in H2O and D2O.
Figure  6a shows the emission spectra of Ag2S NPs dis-

persed in the two solvents at different temperatures. In both 
dispersions, the emission intensity decreases upon heating. 
This decrease is mostly due to thermal quenching of the Ag2S 
luminescence, because, once the exciton Bohr radius of Ag2S 
is 2.2 nm,[20] the luminescence properties of the obtained 
nanoparticles (3 nm in radius) are not dominated by quantum 
effects.[20] Regardless of the quenching mechanism, it is impor-
tant to note that the dispersion in water heavily affects the emis-
sion shape of the NPs while it remains almost unaffected when 
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Figure 5.  a) Schematic representation of the experiment performed to 
evaluate the effect of the depth in the dispersion on the emission of the 
AgsS NPs. b) Normalized emission spectrum of the AgsS NPs aqueous 
dispersion at 25 °C as a function of the excitation depth in the cuvette. 
Absorption coefficient (α) of water in the same spectral region is plotted 
(see dotted line) to demonstrate that the emission changes are due to 
water absorption.
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dispersed in heavy water. This occurs because the absorption is 
significantly smaller in D2O than in H2O in the emission range 
of the Ag2S NPs (1000–1300 nm, Figure S5, Supporting Infor-
mation). Additionally, the temperature increase induces a red-
shift in the emission of the Ag2S NPs dispersed in heavy water 
and water, which is related to the temperature dependence of 
the energy bandgap of Ag2S.[21]

To investigate how water affects the thermometric para
meters of the Ag2S NPs, Figure  6b reports the temperature 
dependence of the normalized total emitted intensity (I), peak 
position, and the intensity ratio between the intensities at  
1200 nm (I1200) and 1100 nm (I1100) for the Ag2S nanoparticles in 
both dispersion media. While the total intensity in heavy water 
presents a monotonous decrease with increasing temperature, 
this decrease is discontinuous for the nanoparticles in water, 
displaying an anomalous increase around 40–45 °C, just where 
a water dielectric anomaly takes place.[11a,12] The influence of 
reabsorption is more dramatic when considering the redshift 
of the emission peak as the thermometric parameter. As the 
temperature increases from 25 to 60 °C, the emission red-
shifts 132 cm−1 for the nanoparticles dispersed in H2O while 
the redshift is 235 cm−1 for the D2O dispersion. Consequently, 
a smaller redshift is observed for the Ag2S nanoparticles dis-
persed in water because water presents high optical absorption 
in the same spectral region in which the luminescence of the 
Ag2S NPs takes place.

The ratiometric parameter also displays a quite different 
temperature dependence when comparing the results obtained 
in D2O and H2O, as shown in the corresponding part of 
Figure  6b. While for the dispersion in heavy water this trend 
is almost linear, a bilinear trend is observed for the dispersion 

in water, with a crossover temperature around 45  °C. This is 
again a signature of the influence of water absorption in the 
thermometric properties of the aqueous dispersion of Ag2S 
nanoparticles.

The impact of the absorption of water on the thermometric 
parameters of Ag2S can be further assessed through the evalu-
ation of the thermometric performance of the Ag2S NPs dis-
persed in D2O and H2O. The performance of a luminescent 
thermometer is usually evaluated by its relative thermal sen-

sitivity =
∆

∂∆
∂







S
T

1
r , which is the change in the thermometric 

parameter (temperature-dependent optical property, usu-
ally denoted by Δ) per degree of temperature change, and the 

uncertainty in temperature δ δ= ∆
∆







T
S

1

r
, corresponding to the 

smallest temperature resolvable by the thermometer.[22] The 
maximum relative thermal sensitivity (Sm) and minimum δT 
obtained for the different thermometric parameters of the Ag2S 
NPs are reported in Table 1 (see Section S6 of the Supporting 
Information for a detailed description of the calculation of Sr 
and δT).

The results in Table  1 demonstrate that the Sm of the total 
emission intensity (I) and the intensity ratio (I1200/I1100) 
approaches are higher in H2O, because the reabsorption by 
water results in a noticeable change in the emission pro-
file of the Ag2S NPs, thus producing a wider shift of Δ upon 
heating. Nevertheless, the relative uncertainty of Sm (δSm/Sm) 
is increased in water, which explains the increase of δT when 
moving the Ag2S NPs from heavy water to water. This is a side 
effect of the reabsorption of water, which reduces the signal-
to-noise ratio of the emission spectra, causing the relative  
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Figure 6.  a) Normalized emission spectra of Ag2S NPs dispersed in heavy water and water at different temperatures. b) Temperature dependence of 
the different thermometric parameters defined for the Ag2S NPs dispersed in water (blue) and heavy water (red): normalized total emission intensity 
(left), peak position (center), and intensity ratio (right). The solid lines are guides for the eyes.
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uncertainty of the thermometric parameter (δΔ/Δ) to increase, 
consequently increasing the uncertainty of the temperature 
readout in water. These results indicate that despite Ag2S being 
the best nanothermometers used for thermal sensing in vivo 
applications,[23] their thermometric performance is heavily 
affected by the absorption arising from water, resulting in lower 
accuracy and reproducibility, which are major drawbacks when 
performing thermal readouts. Since all the emission features 
(peak position, redshift, and intensity ratio at two different 
wavelengths) are affected by the temperature dependence of 
water absorption, this factor must be carefully considered 
when using Ag2S dispersed in water and aqueous media as 
nanothermometers.

4. Conclusion

In this work, we have systematically analyzed the absorption 
spectrum of ultrapure water with pH = 7 in the biological 
spectral windows (750–1800 nm) as a function of temperature 
in the extended physiological range 25–65 °C. The spectrum 
consists of three main absorption bands that increase and blue-
shift as the temperature is raised. This behavior can be rea-
sonably explained in terms of a two-state model for the water 
molecules in liquid water. Then we have demonstrated that 
temperature-induced changes in liquid water absorption have a 
relevant effect on the performance of Ag2S luminescent nano-
thermometers, the most efficient and sensitive nanothermom-
eters reported to date. All the spectral thermometric parameters 
(emission intensity, peak shift, and intensity ratio) are severely 
affected due to the water absorption of the Ag2S nanoparticles 
emission, demonstrating the need for further standardization 
in order to achieve improved reproducibility and reliability for 
nanothermometry applications in aqueous media.

5. Experimental Section
Temperature Dependence of Water Absorption Spectra: The absorption 

spectra of ultrapure water obtained from a Milli-Q equipment were 
measured with a double-beam absorption spectrometer (Lambda1050, 
Perkin Elmer) with a spectral resolution of 5 nm and using a quartz 
cuvette with 2 mm path length. To investigate the evolution of the water 
absorption spectrum with temperature, a Peltier temperature controller 
(Q-pod 2e, Quantum Northwest) was placed inside the spectrometer 
enabling the selection of the desired temperature. Measurements were 
taken every 5 °C after 5 min of thermal stabilization in the 25–65 °C 
range.

Spectral Fitting of Liquid Water Absorption Bands: The NIR absorption 
spectra were fitted following a three-step approach using a MATLAB 

(version R2019b) custom code. In the first step, a background signal was 
defined and used to correct all the spectra. To define the background, the 
absorption spectrum of water at room temperature was plotted in Origin 
(version 2017) and the Create Baseline tool with the Second Derivative 
Method was used. In the second step, the three main absorption 
bands (see Figure  2) were adjusted to two Gaussian functions. For 
these fittings, the peak position of each component was set and fixed 
to the peak wavelengths obtained from the second derivative spectra 
(see Figure 2 and Figure S1, Supporting Information), while leaving the 
full-widths at half-maximum and peak heights (maximum value of the 
absorption coefficients) as free parameters. In the third step, the full-
widths at half-maximum were fixed to the mean value for the different 
temperatures, and both the fixed width and peak position were slightly 
changed in each iteration until the optimal fitting (the one minimizing 
the r2 values) was achieved.

Ag2S Nanoparticles Dispersions: Silver nitrate (AgNO3), sodium sulfide 
(Na2S⋅9H2O), 11-mercaptoundecanoic acid (11-MUA), and ammonia 
(NH3) were obtained from Sigma Aldrich and used as received. The 
Ag2S nanoparticles were synthesized as follows: 273 mg of 11-MUA 
were dissolved in 38 mL of water, then 42.5 mg of AgNO3 dissolved in  
1.0 mL of water were added. The pH was adjusted to 8 with ammonia. The 
solution was stirred for 24 h, protected from light. After that time, 30 mg 
of Na2S⋅9H2O dissolved in 11 mL of water was added to the solution. 
Subsequently, the reaction was transferred to a monomodal microwave 
cavity and heated up to 100 °C (300 W) for 5 min under magnetic 
stirring, following the procedures reported elsewhere.[24] After this short 
microwave heating program, Ag2S nanoparticles decorated with 11-MUA 
were washed with absolute ethanol.

Emission Spectra of Ag2S Nanoparticles Dispersions in Various Media: 
The emission spectra of Ag2S NPs dispersions in water and heavy 
water (both with a concentration of 0.2 mg mL−1) were recorded using 
the experimental setup described in Figure S2 of the Supporting 
Information. To evaluate the water-induced changes in the shape of the 
emission band of the Ag2S, two different experiments were performed. 
First, the emission spectra of Ag2S NPs dispersed in water for different 
depths (Figure 5) were recorded using an infrared hyperspectral camera 
(PyLoN-IR, Princeton). The 730 nm excitation beam was collimated with 
a 5 cm focal collimator to excite the area closest to the dispersion/air 
interface (see inset of Figure S2, Supporting Information). Then, the 
dispersion volume was progressively increased from 1.0 to 2.6 mL by 
adding sequentially 0.1 mL of dispersion.

According to this experimental arrangement, each Ag2S nanoparticle 
located inside the illuminated volume behaved as an emitting source of 
IR light. Due to the nonneglectable spot size, the depth was considered 
to be starting at the center of the beam, and so, the shortest depth that 
could be measured was 0.4 cm (when using a volume of 1.0 mL of the 
sample). For dispersions having a volume higher than 1.0 mL, a certain 
volume of the sample (denoted as exceeding volume) was located 
outside the light-emitting diode excitation area. Ag2S nanoparticles 
located outside the excitation area were not photoactivated, so they did 
not emit any photons. Indeed, when the volume of the dispersion of 
Ag2S nanoparticles was increased above 1.0 mL, the nonactive volume 
behaved like a filter placed between the emitting Ag2S NPs and the 
detector. Thus, before reaching the detector, the incident emission 
coming from Ag2S sources (i0(λ, T)) went through the filter-like medium, 
where photons could be absorbed or scattered. Consequently, the higher 
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Table 1.  Maximum relative thermal sensitivity (Sm), uncertainty in Sm (δSm), minimum uncertainty in temperature (δT), uncertainty in δT (σδT), and 
temperature at which they occur (Tm) for the different thermometric parameters of the Ag2S nanoparticles dispersed in heavy water and water.

Δ Heavy water Water

Sm ±δSm [% °C−1] δT ±σδT [°C] Tm [°C] Sm ±δSm [% °C−1] δT ±σδT [°C] Tm [°C]

peak position (7.48 ± 0.05) × 10–2 0.53 ± 0.01 25 (4.19 ± 0.04) × 10–2 0.95 ± 0.01 25

I 5.43 ± 0.21 0.44 ± 0.02 60 14.88 ± 1.51 0.42 ± 0.05 60

I1200/I1100 2.09 ± 0.17 2.22 ± 0.21 25 4.65 ± 1.05 3.66 ± 1.03 60
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the sample volume, the higher the exceeding volume, and so the larger 
signal depth in the medium.

The second set of experiments was devoted to the analysis of how 
the changes in the absorption of water due to temperature differences 
affect the shape of the emission bands of the Ag2S NPs. The emission 
spectra were measured at one fixed depth (h  = 1.6 mm) and the 
temperature was varied in 1.0 °C steps (Figure 6). This experiment was 
done with the NPs dispersed in water and heavy water to compare the 
effects of water with those of a nonabsorbing solvent in that spectral 
range. The processing of the temperature-dependent emission spectra 
of the Ag2S NPs dispersed in D2O and H2O was performed by using a 
custom script written in MATLAB (version R2019b) where a polynomial 
baseline correction was applied to remove the electrical noise from the 
hyperspectral camera and the obtained spectra were normalized by the 
maximum intensity of the emission at 25.0 °C for each medium (i.e., 
heavy water and water) afterward.

Nanothermometry on Ag2S Nanoparticles: To assess the thermal 
sensing capability of the obtained nanoparticles in D2O and H2O, three 
distinct thermometric parameters were obtained from the temperature-
dependent emission spectra of the Ag2S NPs. The total emitted intensity 
was computed as the integrated emission between 960 and 1425 nm (the 
integrated intensities were normalized by dividing the obtained integrated 
areas by the integrated area at 25.0 °C for comparison purposes) and its 
corresponding uncertainty (error bar) was the total integrated intensity 
multiplied by the inverse signal-to-noise ratio. The peak position was 
obtained by adjusting a parabola to the emission spectra considering 
values between 95% and 100% of the maximum intensity from each 
spectrum and the uncertainty was the spectral resolution (wavelength 
increment) of the hyperspectral camera. The intensity ratio was the ratio 
between the intensities at 1200 nm (I1200) and 1100 nm (I1100) for the Ag2S 
NPs in both media with the uncertainty corresponding to the propagation 
of uncertainties from the intensity ratio I1200/I1100.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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