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A B S T R A C T

Photothermal lens (PTL) spectroscopy has achieved great success in the study of materials due to its high 
sensitivity and versatility. In this work, using an external cavity quantum cascade laser (EC-QCL) as the pump 
beam source, the PTL technique is used for the detection of water in ethanol and chloroform. The strong and 
broad optical absorption of water at 1645 cm− 1, attributed to the H-O-H bending mode, allows the detection of 
traces of water in solvents using an excitation laser with emission in the mid-infrared. Investigation of the PTL 
signal response in the frequency domain reveals an exponential decrease in signal amplitude with increasing 
modulation frequency. The method is validated with the coulometric Karl Fischer (KF) titration. The PTL signal 
amplitude exhibited a linear correlation with water concentration in the solvents. The limit of detection (LOD) 
for water in ethanol was 556 ppm, while the LOD for chloroform was 3.5 ppm. Higher sensitivity has been 
observed for water detection in chloroform due to lower background optical absorption from the solvent.

1. Introduction

Photothermal effects are employed in several high-sensitivity mea
surement techniques used for the characterization of liquid samples. The 
photothermal phenomenon is induced in the sample and surrounding 
media when radiated by light. The medium absorbs light energy, causing 
an increase in temperature that can result in increased infrared emission, 
changes in the refractive index, and expansion. In particular, the mode- 
mismatched photothermal lens (PTL) technique has also been demon
strated to be a powerful method for chemical analysis [1–4]. In this 
configuration, an excitation laser with a Gaussian radial profile (TEM00) 
pumps the sample, inducing a time-dependent temperature and refrac
tive index gradient in the sample. Consequently, an optical element 
resembling a lens-like optical element will be formed, i.e., the so-called 
thermal lens. The PTL effect is detected by a second laser with a 
Gaussian radial profile and low power, called probe beam. As the probe 
beam passes through the PTL, depending on the thermo-optical prop
erties of the sample, it diverges/converges, resulting in a decrease/ 

increase in the central light intensity. By measuring the light intensity 
change at the center of the probe beam, information about optical, 
thermal, and thermo-optical properties of the sample can be deduced. At 
present, there have been numerous studies showing that the photo
thermal lens technique has many application scenarios in liquids, 
including detection of acoustic wave [5,6], investigation of Soret effect 
[7–9] and photochemical reactions [9,10], determination of physical 
properties of liquids and mixtures [5–12], high-sensitive optical detec
tion in flow injection analysis microchip devices [13–16] and detection 
in HPLC [17], study of the sample-surrounding heat coupling effect 
[18], and optimization of the PTL parameters for quantitative mea
surements [19–21].

Organic solvents are of fundamental importance in many industrial 
applications. Due to their application in multiple industrial operations, 
great efforts are made to develop methods for determining their trace 
impurity contents. In this context, water represents an impurity that 
negatively impacts solvent quality. Even at trace levels, water can 
disrupt chemical reactions, cause equipment damage, and affect the 
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quality and yield of the products [22,23]. Therefore, as the water con
tent of an organic solvent is an important indicator of its quality, the 
development of a rapid and sensitive method for the determination and 
control of trace water is necessary, and a range of advanced sensing 
systems have been developed to address this need [24–29]. Among 
various low humidity sensors, the Karl Fischer (KF) titration method is 
regarded as the gold standard for determining water traces in solvents. 
However, it requires expensive and toxic reagents, which will lead to 
sample consumption and waste generation [30–32]. Conventional 
analytical techniques also include chromatography [23] and NMR 
[33,34], which are time-consuming and cannot be used for online 
monitoring. Comparatively, optical sensors have the advantages of high 
sensitivity and long working life, providing an alternative to conven
tional analytical techniques and achieving real-time monitoring in the 
industries.

The mid-infrared spectrum of liquid water consists of three main 
molecular vibrations: the antisymmetric (ν3) and the symmetric (ν1) 
O–H stretching vibration (in the 3800 – 3000 cm− 1 region), and the H- 
O–H bending vibration (ν2 ~ 1645 cm− 1). In addition, in liquid water 
one can also observe the so-called libration modes (νL ~ 600 cm− 1) due 
to hindered rotation of water molecules as well as a weak combination 
band at 2130 cm− 1 resulting from νL and v2 [35–37]. Most mid-IR 
spectroscopic studies of water and aqueous solutions concern molecu
lar interactions taking place within water molecules, solutes and sur
faces. In this regard, the two stretching modes whose positions are 
strongly influenced by intermolecular forces, such as hydrogen bonding, 
have been used. Recently, it has been shown that also the position of the 
ν2 band can also serve as a good probe for structural investigations 
[37,38]. The use of tunable mid-infrared lasers addressing the ν2 band 
can thus make the detection system also sensitive to the chemical 
environment in which the water molecules are located.

In this paper, we developed a PTL liquid detection system employing 
an external cavity quantum cascade laser (EC-QCL) in the mid-infrared 
range as the pump source, and capable of covering the spectrum of water 
ν2~1645 cm− 1 in solvents. Two kinds of liquid, ethanol and chloroform, 
were selected as solvents. A series of experimental studies and analyses 
were carried out on a variety of samples, using the KF titration method 
as a reference. Compared to our previous work in which we used the 
same EC-QCL source but employed a photothermal Mach-Zehnder 
Interferometer for trace water detection [32], the experimental plat
form presented here is experimentally simpler as it requires only a single 
flow cell albeit providing comparable LODs for water in ethanol and in 
chloroform.

2. Experimental Description

The schematic diagram of dual-beam photothermal lens configura
tion is presented in Fig. 1. The excitation beam, also known as the pump 
beam, is focused on the liquid cell to induce a temperature gradient and 
change sample properties (‘PTL effect region’ in Fig. 1). This alteration 
causes the probe beam to diverge due to the negative thermo-optic 

coefficient of the sample, resulting in a decrease in light intensity at the 
detector. Modulating the pump beam at a specific frequency enables the 
detection of cyclic fluctuations in light intensity using a detector 
equipped with a small pinhole in front of it.

The experimental setup used in this work is shown in Fig. 2. The 
probe source was a linearly polarized helium–neon (HeNe) laser (Melles 
Griot, Rochester, NY, USA) with an emission wavelength of 632.8 nm 
and a power of 0.5 mW. A commercially available EC-QCL (DRS 
Daylight Solutions Inc., San Diego, CA, USA) was employed as the pump 
source, featuring tunability ranging from 1566 to 1720 cm− 1. The EC- 
QCL was set to a constant current of 650 mA and operated in CW 
mode (maximum power < 300 mW). The laser chip itself was temper
ature controlled by a thermoelectric cooler. An additional water cooler 
was used to dissipate the heat produced by the internal cooler to 
maintain the operating temperature of the laser head at 18 ◦C. The 
excitation laser was reflected by two gold mirrors, Mq1 and Mq2, and 
then modulated by a mechanical chopper (Thorlabs, MC2000B-EC) with 
a duty cycle of 50 %. Subsequently, the beam was reflected by a gold 
mirror Mq3 and then focused by a 100 mm focal length lens L2 (CaF2). 
After that, the beam was directed towards a custom-made ZnSe beam 
combiner (BC) with a maximum reflection at 633 nm and maximum 
transmission at 10.6 μm (Laser Components, Olching, Germany). The 
probe beam was reflected by the mirror Mp1 (silver), focused by a lens L1 
(N-BK7) with a focal length of 100 mm, and then reflected by the mirror 
Mp2 (silver) to reach the BC, where the two beams converged and fol
lowed a collinear configuration as they entered the liquid cell. The liquid 
transmission cell consisted of two 2-mm-thick CaF2 windows, separated 
by an 85.8 µm PTFE spacer, which defined the optical pathlength or 
sample thickness. Mp3 ~ Mp8 were six silver mirrors which were utilized 
to extend the optical path for the propagation of the probe beam, 
thereby ensuring that the photodetector was located in the far field. In 
front of the photodetector, a small pinhole with an inner diameter of 1 
mm was placed. A photodiode (Thorlabs, DET10A) was used to detect 
the probe beam intensity. The signals were processed by a lock-in 
amplifier (LIA) (Zurich Instruments, MFLI) using the modulation fre
quency of the chopper as reference to obtain the amplitude of the PTL 
signal. An oscilloscope (Rigol, DS1104Z Plus) was used for recording the 
PTL time-domain signal. Table 1 presents the parameters of the experi
mental setup, in which the probe beam’s cross section was analyzed by a 
dual scanning slit beam profiler (Thorlabs, BP209IR1/M), while the 
parameters of the pump beam were measured by a pyroelectric array 
laser beam profiler (Spiricon, Pyrocam IIIHR) operating in the mid-IR 
range.

Ethanol absolute, anhydrous with a purity of ≥ 99.8 % (max. 0.003 
% H2O) and chloroform stabilized (max. 0.005 % H2O) were purchased 
from VWR Chemicals (Vienna, Austria). Initially, the solvents 

Fig. 1. Schematic diagram of dual-beam photothermal lens configuration. z1 is 
the distance from the probe beam waist to the sample, z2 is the distance from 
the sample to the detector.

Fig. 2. Experimental setup for PTL-based liquid sensing. Mq1 ~ Mq3 were used 
to reflect the pump beam; Mp1 ~ Mp8 were used to reflect the probe beam; BC: 
beam combiner; OC: optical chopper; LIA: lock-in amplifier.
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underwent a drying process. Aliquots of approximately 100 mL of 
ethanol and chloroform were mixed with molecular sieve pearls (3 Å for 
ethanol and 4 Å for chloroform) to establish a baseline solution for 
subsequent measurements. For ethanol samples, proper amounts of ul
trapure water (resistivity: 18 MΩ • cm) were dissolved in dried ethanol 
to create solutions of different concentrations. For chloroform samples, 
an aliquot of chloroform was mixed with an equal volume of ultrapure 
water to prepare a saturated solution. The mixture was sonicated (30 
min to 1 h) and was left overnight in a separatory funnel for phase 
separation, yielding chloroform saturated with water. Finally, mixtures 
of dried chloroform and saturated chloroform were mixed to obtain 

intermediate concentrations of water in chloroform. The prepared 
standards were first used to establish calibration curves using the PTL 
setup and were promptly analyzed afterward for their water content 
using the KF titrator (envirotech CA-21, Düsseldorf), which served as the 
reference method for determining water content in the prepared sam
ples. We conducted three repetitions for each titration and calculated 
the mean value.

To obtain reference IR absorption spectra of water in each solvent, 
we employed a Tensor 37 FTIR spectrometer (Bruker corp., Ettlingen, 
Germany), equipped with a Globar and a liquid nitrogen-cooled MCT 
detector (D*=6.0 • 108 cm Hz1/2/W at 9.2 µm). The liquid transmission 
cell used for the measurements had an optical pathlength of 100 µm for 
ethanol and 300 µm for chloroform. A total of 256 scans were recorded 
per spectrum with a spectral resolution of 2 cm− 1. The instrument was 
continuously flushed with dry air prior- and throughout data acquisi
tion. Spectra of water in the two solvents were measured against the 
respective pure (dried) solvent as background.

3. Results and Discussion

3.1. Water spectrum measured by FTIR

The recorded reference FTIR absorption spectra are depicted in 
Fig. 3. It is evident that the bending vibration of water (ν2) in ethanol 
and chloroform are located at approximately 1662 cm− 1 (6.017 µm) and 
1602 cm− 1 (6.242 µm), respectively, which is in accordance with 

Table 1 
Experimental parameters of the optical elements and structure.

Parameter Description Value

λp Wavelength of probe beam 632.8 nm
ω0p Radius of beam waist of probe beam 82.3 μm
ω1p Beam radius of probe beam at sample cell 625 μm
z1 Distance from the beam waist of probe beam to 

the liquid cell
22 cm

z2 Distance from liquid cell to detector 315 cm
ω0e Beam waist radius of the pump beam ~450 μm
λe Emission wavenumber 1566 cm− 1 to 1720 

cm− 1

Pe Power of pump laser at the sample 
at 1602 cm− 1 (6.242 µm) 
at 1662 cm− 1 (6.017 µm)

39.0 mW 
48.6 mW

Fig. 3. (a) Water absorbance spectra measured using FTIR spectrometer, calculated relative to the corresponding dry solvent, for samples containing 3200 ppm water 
in ethanol and 289 ppm water in chloroform. (b) Absorbance spectra calculated relative to the background spectrum acquired from an empty FTIR sample 
compartment. Dashed lines represent the dry solvents; solid lines correspond to samples containing trace amounts of water.
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findings in the literature [32,39,40]. Here we show the spectral region 
which is also accessible by the used EC-QCL source and thus of relevance 
for this work. The shift in band positions and band width of the bending 
vibration of water results from different intermolecular interactions in 
the protic solvent (ethanol) compared to the aprotic solvent (chloro
form), particularly due to the absence of hydrogen bond interactions 
between water and chloroform. These identified peak positions served as 
reference points for quantification of the water content using the PTL 
setup.

Fig. 3(a) shows the water absorbance spectra obtained by subtracting 
the dry solvent spectrum from the FTIR measurements. In contrast, 
Fig. 3b presents spectra calculated with respect to the empty compart
ment of the FTIR, where the dashed lines correspond to the dry solvents 
and the solid lines to the samples containing trace amounts of water. The 
spectra in Fig. 3(a) therefore represent only the absorption of water in 
the solvents, whereas those in Fig. 3(b) reflect the combined absorption 
of both the solvent and water.

3.2. PTL frequency response characteristics

To find the optimal modulation frequency of the chopper, we 
explored the PTL frequency response characteristics. As an illustrative 
example, we show the results of water detection in chloroform. We set 
the laser’s emission wavenumber to 1602 cm− 1 and changed the 
modulation frequency of the chopper to obtain both the PTL time- 
domain and frequency-domain signals. In Fig. 4(a), we present the 
PTL signals of a chloroform sample with a water concentration of 289 
ppm at modulation frequencies of 20 Hz, 30 Hz and 100 Hz. The results 

show that the amplitude of the PTL signal decreases with the modulation 
frequency. To show more clearly the difference in the PTL amplitude for 
samples with different water content, the normalized PTL signal is 
calculated by dividing the value at each sample point by the maximum 
value measured during the time interval. In Fig. 4(b) we depict the 
normalized PTL signals for pure chloroform and 289 ppm water/chlo
roform at 20 Hz. It is apparent that water exerts an influence on the PTL 
amplitude signal. It can be observed that the signal intensity of 289 ppm 
of water in chloroform is higher than that of pure chloroform due to a 
higher optical absorption coefficient.

We also used a LIA to collect the PTL frequency domain signals. We 
set the time constant to 100 ms and plotted the obtained signals at 
different modulation frequencies in Fig. 5. In Fig. 5(a), the black dots 
represent the signal of pure chloroform, serving as the background 
signal, while the red dots represent the signal of 289 ppm of water in 
chloroform. The brown dots in Fig. 5(b) represent the relative signals, 
which were obtained by subtracting the background signal from the 
289 ppm water/chloroform sample signal, i.e., the red dots subtracted 
from the black dots in Fig. 5(a).

It is evident that the PTL signal of the pure solvent, the sample with 
trace of water, and the relative signal decrease exponentially as the 
modulation frequency increases. We measured the signal-to-noise ratio 
(SNR) at modulation frequencies between 20 and 200 Hz to optimize the 
laser modulation frequency for quantifying water content. The SNR was 
calculated as the ratio of the photothermal signal amplitude to the noise 
level recorded with the lock-in amplifier in the pure solvent. Based on 
these results, 30 Hz was selected as the optimum chopper frequency, 
providing a higher SNR and photothermal lens (PTL) signal amplitude, 

Fig. 4. PTL signals in time-domain, (a) PTL signals of chloroform (289 ppm of water) under the modulation frequency of 20 Hz, 30 Hz, and 100 Hz, (b) Normalized 
PTL signals of pure chloroform and water in chloroform under the modulation frequency of 20 Hz.
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while maintaining a relatively low modulation frequency. It should be 
emphasized that, considering the short laser exposure time (tens of 
milliseconds), the low water content in the organic solvent (< 0.4 wt%), 
and the limited liquid thickness (<100 μm), the contribution of the Soret 
effect can be neglected in this study.

3.3. Quantification of water content using the PTL setup

We measured samples with different water concentrations in chlo
roform and ethanol using the PTL setup. The results are shown in Fig. 6, 
in which the lower limit of detection (LOD) was calculated as LOD = 3σ/ 
Yslope, where σ is the standard deviation, Yslope is the slope of the cali
bration line. The thermal lens signal amplitude depends on several 
experimental parameters, such as optical absorption, thermo-optical 
coefficient, thermal conductivity, liquid thickness (cell pathlength), as 
well as geometric parameters of the laser beams and laser excitation 
power. Therefore, the dynamic range of this method can vary consid
erably depending on the experimental setup used. For higher water 
content, nonlinearity may occur due to an increase in the optical ab
sorption coefficient, leading to photothermal saturation. This term is 
used to describe the effect in which the photothermal signal fails to vary 
linearly with absorption coefficient at high values [1,41]. To prevent 
signal saturation, we incorporated a 10 % transmittance attenuator 
between Mq1 and Mq2 in the experimental setup shown in Fig. 2, 
reducing the excitation beam’s power at the sample position to 4.9 mW 
at 1662 cm− 1. This allows us to use the same liquid cell, with equal 
optical pathlength, to measure both water in ethanol and water in 

chloroform. Additionally, it can be observed that the calibration line of 
water in ethanol has an offset of approximately 6.2 mV, while the offset 
for water in chloroform is approximately 64.1 mV, which can be 
attributed to the absorption by the solvent itself. Even for the pure sol
vents, the PTL signal can be significant, as it is possible to observe in 
Figs. 4-6.

KF titration is the mainstay method for determining water content in 
routinely used organic solvents. It is applicable to a wide range of 
matrices, including organic solvents, oils, pharmaceutical products, 
petrochemicals, and jet fuel. Using typical sample portions of 5–10 g, KF 
titration achieves LODs in the low ppm range (e.g., ~1 ppm for a 10 g 
sample in coulometric mode, or ~ 12.5 ppm for a 5 g sample in volu
metric mode) [28,29]. For these reasons, the KF titration method was 
selected as the calibration reference in this work (Fig. 6). For compari
son, gas chromatography–mass spectrometry with selected ion moni
toring (GC–MS–SIM) achieves similar LODs in the ppm range (e.g., 5 
ppm) [23], whereas NMR spectroscopy yields LODs that depend on the 
solvent and experimental conditions, ranging from a few ppm to several 
hundred ppm [33,34]. Also, NIR spectroscopy has been proposed for 
direct, reagent free water quantification in organic solvents [42]. 
Recently a miniaturized NIR spectrometer, operating in the short-wave 
part of the NIR spectrum (740–1070 nm), has been adapted for deter
mining water in solvents showing precision of ~ 0.01 wt% in the 0–0.25 
wt% concentration range for water in methyl ethyl ketone (MEK) [43]. 
A comprehensive overview on optical techniques for determination of 
water in solvents comprising spectrophotometric and spectro
fluorimetric methods but requiring reagents or dedicated sensor 

Fig. 5. Frequency response characteristics in the frequency domain, (a) PTL signals amplitude of pure chloroform and 289 ppm water/chloroform mixture, (b) signal 
amplitude after subtracting the pure chloroform signal from the signal of 289 ppm water/chloroform mixture.
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materials can be found in [44].
The PTL signal demonstrates a linear relationship with water con

centration. The LOD for water in ethanol and chloroform are 556 ppm 
and 3.5 ppm, respectively. The LOD obtained by the PTL technique, with 
a simpler optical layout, shows similar performance to the photothermal 
Mach-Zehnder interferometry (PT-MZI), which obtained LOD of 400 
ppm and 7.4 ppm for water in ethanol and chloroform, respectively 
[32].

The PT-MZI technique requires interferometric alignment and is 
highly sensitive to environmental perturbations such as vibrations, 
temperature fluctuations, and air currents. In contrast, the PTL config
uration eliminates the need for interferometric detection arms and 
active stabilization, thereby reducing instrumentation complexity and 
signal processing demands. These features can lower maintenance re
quirements and improve accessibility for routine use. Additionally, the 
PTL approach can be easily adapted to different solvents or analytes 
without the need for significant re-optimization of the optical setup. This 
versatility makes it suitable for a broader range of analytical 
applications.

The lower LOD for water detection in chloroform, as opposed to 
water detection in ethanol, can be explained by several factors. Apart 
from using a reduced laser excitation power for water determination in 
ethanol, chloroform exhibits higher photothermal enhancement factor 
E=(dn/dT)/k, where dn/dT is thermo-optical coefficient and k is the 
thermal conductivity. Also, chloroform shows a significantly lower 
background optical absorption compared to ethanol (see Fig. 3(b)). 
Consequently, more of the laser power can be absorbed by the analyte 
and not by the solvent. Furthermore, assuming the same amount of heat 

released into the solvent, a stronger thermal lens is developed in chlo
roform as opposed to ethanol due to its higher thermo-optical coefficient 
and lower thermal conductivity.

4. Conclusions

In this study, we present a PTL liquid sensing setup which uses an EC- 
QCL as a mid-IR pump source and a HeNe laser as probe beam in a 
colinear sensing arrangement. We measured the reference spectra of 
water in ethanol and chloroform using an FTIR spectrometer to select 
the optimum measurement wavelengths for achieving highest sensitivity 
when using the mid-IR laser for sample excitation. Maximum water 
absorption of the water bending vibration was observed at 1662 cm− 1 

for chloroform and at 1602 cm− 1 for ethanol, respectively. Subse
quently, we investigated the time and frequency domain PTL signals 
under various modulation frequencies. We found that the amplitude of 
PTL signals displayed an exponential decrease with increasing modu
lation frequency. We prepared samples with different water content for 
ethanol and chloroform and observed a linear relationship between PTL 
signals and water concentration. The LOD for water was determined to 
be 556 ppm in ethanol and 3.5 ppm in chloroform. Our comparative 
analysis of detection limits indicates that PTL achieves performance 
comparable to that of PT-MZI, while providing clear advantages in 
simplicity, cost, and operational flexibility. The PTL method requires 
only a single flow cell and eliminates the need for interferometric 
detection arms or active stabilization systems, thereby simplifying both 
instrumentation and data processing. Furthermore, the PTL approach 
can be readily adapted to different solvents or analytes without 

Fig. 6. Calibration curves of PTL signal versus water concentration (average of 20 repetitions) for (a) ethanol and (b) chloroform. The data are shown together with 
the corresponding linear regression fits.
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extensive re-optimization of the optical setup, enhancing its versatility 
for a wide range of analytical applications.
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