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Effect of isotope substitution from the modulation of Thermal-Lens (TL) signals in binary liquid mixtures
is explored using femtosecond pump–probe mode-mismatched Z-scan TL spectroscopy. Binary solutions
of water and heavy water with pure methanol at various concentrations are used for the study, where
pure methanol acts as the TL marker across the different samples. The TL signal is found to be effectively
modulated by isotope substitution under the experimental conditions, indicating that TL signal depends
on hydrogen bonding.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Since the discovery of isotopes [1], Deuterium isotopic substitu-
tion [2] has had significant applications in chemical, physical, bio-
logical and environmental sciences [3–7]. Many researchers have
used this particular technique to study the mechanism of reaction
dynamics, site specific biological processes and geometric changes
in molecular systems including liquids, biological macromolecules,
crystalline solids, etc. through anharmonicity of the zero point
vibrations [8–10]. Soper et al. has shown that deuterium substitu-
tion effectively changes the hydrogen bond parameters [7]. Though
a series of theoretical and experimental studies have been per-
formed to explore the effect of isotope substitution on different
samples, a sensitive optical technique to study this effect is yet
to emerge. We found that Thermal-Lens (TL) spectroscopy is a very
sensitive and useful optical tool, which can probe a significant
modulation in TL signals resulting from the isotopic substitution
in binary liquid mixtures.

TL spectroscopy was first reported in 1965 [11]. Since then this
field was rapidly developed and improvised in such a way that it
gradually became a powerful spectroscopic tool and has found sev-
eral applications in molecular and solid-state spectroscopy
[12–14]. Dual beam TL spectroscopy [15] under mode matched
and mode-mismatched condition [16–21] provides a lot of useful
information about the sample under study. Several authors have
also measured TL-signals by using two-color pump–probe Z-scan
technique [22–29]. Thus TL technique gradually became very
popular among the spectroscopists because of its sensitivity and
experimental simplicity.

The TL technique measures the distortion of the probe beam
wave-front induced by the heat generated in the sample due to
the non-radiative relaxation of the photo-excited molecules when
the pump beam is on. Our experiment uses high repetition rate
femtosecond laser pulses, which provide high enough peak powers
for non-linear TL studies at fairly low average powers without any
sample damage. In fact, within error-bars, the effective stationary
TL from such high repetition rate femtosecond laser is similar to
that generated from a CW laser [30]. Moreover, the instantaneous
thermal effect of individual pulses produces a cumulative thermal
effect, which is found to be very effective in measuring the TL sig-
nals in highly volatile liquids, such as methanol. The magnitude of
the induced thermal lens is measured from the change in transmit-
tance of the probe beam in the presence (versus the absence) of the
pump beam through a small aperture located at the far field.

Due to unusual behavior, the study of physical and chemical
properties of binary liquid mixtures has found considerable atten-
tion and has potential applications in solution theory and molecu-
lar dynamics [22,28,29,31]. In our present work, we use water
(H2O), heavy water (D2O) as well as their individual mixtures with
methanol (CH3OH) at different ratios to prepare the binary liquid
samples. In each case, we measure the TL signals at different
compositions of the binary mixtures by ultrafast two-color Ther-
mal-Lens Pump–probe mode-mismatched Z-scan technique and
observe an effective modulation of Thermal Lens (TL) signal. Our
attempt is to probe how the change in intramolecular H-bonding
due to isotope substitution results in an effective modulation of
TL signals at different compositions of the binary mixtures.
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2. Experiment

We use mode-mismatched two-color TL pump–probe Z-scan
technique to measure the Thermal-Lens (TL) signals in the binary
mixtures. The details description of the experimental set-up is pro-
vided in our previous article [22]. Briefly, we use a 50 MHz train of
femtosecond collinear laser pulses from a mode-locked Er-doped
fiber laser (Femtolite, IMRA Inc.) at 1560 nm and 780 nm as the
respective pump and probe beams. In order to measure the TL sig-
nal from each of the binary liquid samples, we focused the pump
and the probe beams into the sample and measured the probe
beam (780 nm) transmittance in presence of the thermal pump
beam (1560 nm) through a 60% closed aperture at far field by using
an amplified silicon photodetector (Thorlabs: PDA 100A-EC). In our
particular study, since the pump and probe beams have different
divergences and were focused into the sample by using a single
non-achromatic lens, the resulting TL setup had a mode-mis-
matched geometry. Mode-mismatched Z-scan technique is a pre-
ferred approach to measuring TL signals as it is more sensitive in
comparison to the mode-matched condition [16]. Moreover, the
mode-mismatched technique directly measures the maximum TL
that is formed at the focal point of the pump beam.

Since methanol shows significant TL signal compared to the
other two solvents under the experimental condition (Figure 1),
methanol is treated as the TL marker sample and the binary mix-
tures of water and heavy water with methanol at different compo-
sitions are prepared by varying the volume fraction of methanol
from 0 to 1. For each individual binary mixture, the closed aperture
Z-scan trace is recorded and the TL signal is eventually measured at
each Z-position of the sample. Since we measure the TL signals un-
der mode-mismatched condition, the maximum TL signal is
formed at the focal point of the 1560 nm in each of the cases.
The magnitude of TL signal is plotted against the volume fraction
of methanol for both the cases of water and heavy water to show
the modulation of TL signals with the change of mixture composi-
tion in each case.
3. Results and discussion

The vibrational combination states of the hydroxyl group (–OH)
in methanol get coupled to the femtosecond laser pulses, which re-
sults in the non-resonant saturation absorption at 1560 nm [23].
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Figure 1. Thermal-Lens signal for different Z-positions in the case of methanol,
water and D2O including the experimental error-bars from repeated experiments:
Comparative signal for each of the solvents show the TL trend as:
Methanol�Water > D2O.
The absorption of 1560 nm pulses followed by the nonradiative
relaxation of the excited molecules produce transient TL signal at
longer time scale. The amplitude of the TL signal for each of the
individual pure samples as well as the binary mixtures is calcu-
lated from the closed aperture Z-scan traces obtained experimen-
tally as:

SðkeÞ ¼
TaðkeÞ � Ta0

Ta0
ð1Þ

where Ta(ke) and Ta0 are the respective probe beam transmittances
through the aperture in the presence and in the absence of the
pump beam [32].

The variation of the TL signals as a function of sample position
for each of the pure samples is shown in Figure 1, where we also
show the associated error-bars for every experimental point
through repeated measurements. Since errors due to laser fluctua-
tions are below one percent [22], we find that the maximum error
is 2% in the TL values presented in the graphs. In spite of the strong
absorption around 1560 nm for water, methanol shows the maxi-
mum TL signal among all the components (methanol, water and
heavy water) studied under the experimental condition and thus
is used as our thermal lens marker. In Figure 2, we show the vari-
ation of the TL signal for each particular composition of methanol–
water binary liquid mixtures (as a representative one). The maxi-
mum TL signal appears at Z = 0 (mode-mismatched condition)
i.e., at the focal point of 1560 nm pump beam. We calculate the
magnitude of TL signal for all the binary liquids mixtures
(Figures 3 and 4) as jSðke; Z ¼ 0Þj ¼ Taðke ;Z ¼ 0Þ�Ta0ðZ ¼ 0Þ

Ta0ðZ ¼ 0Þ ; where Ta(ke,

Z = 0) and Ta0(Z = 0) are the respective probe beam transmittance
through the far field aperture in the presence and absence of the
pump beam at the focal point of the 1560 nm [22]. Data in Figures
3 and 4 are calculated on the basis of our repeated experimental
measurements, which also shows the maximum possible error of
2% in our experiments.

Phenomenologically, the magnitude of TL signal in pure sam-
ples depends on physical parameters, such as, the absorption coef-
ficient, the thermal expansion coefficient, thermal conductivity,
thermo-optic coefficient of the sample [16,22]. Using this identical
concept, we calculate different physical parameters and the ampli-
tude of TL signal considering ideal intermolecular interaction be-
tween the mixture components in both of the series of binary
solutions. The mismatch between experimentally measured and
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Figure 2. Variation of TL signal as a function of sample position for methanol–water
binary mixtures at different compositions, where the volume fraction of methanol
and water change from 0 to 1 and from 1 to 0, respectively.
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Figure 3. (a) Variation of TL signal (including the maximum error-bars for the experimental case), (b) measured absorption at 1560 nm, (c) reciprocal of thermal conductivity
(1/j) and (d) the thermo-optic coefficient (dn/dT) at different compositions of methanol–H2O binary mixtures, where the volume fraction of methanol changes from 0 to 1
and the volume fraction of H2O changes from 1 to 0.
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Figure 4. (a) Variation of TL signal (including the maximum error-bars for the experimental case), (b) measured absorption at 1560 nm, (c) reciprocal of thermal conductivity
(1/j) and (d) the thermo-optic coefficient (dn/dT) at different compositions of methanol–heavy water binary mixtures, where the volume fraction of methanol changes from 0
to 1 and the volume fraction of heavy water changes from 1 to 0.
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theoretically calculated TL signal trends in the present study sup-
ports our previous observation [22], where the deviation is ex-
plained in terms of the change of the molecular properties, such
as the intermolecular interaction between the two components
of the binary solution.

Theoretically calculated and experimentally measured TL signal
trends for different binary mixture concentrations of methanol in
water is shown in Figure 3a. Water shows stronger hydrogen bond-
ing as well as higher dipolar interaction as compared to that of
methanol. The linear absorption of each of the methanol–water
binary mixtures with increasing methanol concentration (Figure
3b) were measured experimentally using the commercial UV/Vis/
NIR spectrometer (Perkin–Elmer Lambda 900) using a 1 mm quartz
cuvette. We find that though both water and methanol absorb at
1560 nm, pure water absorbs more strongly than methanol and
the binary mixture of methanol in water at certain methanol vol-
ume fractions have even higher absorptions. Thus the absorption
in the binary mixture goes through a maximum at �30% volume
fraction of methanol in water mixture at 1560 nm and thereafter
the absorption reduces rapidly with further increase in its metha-
nol volume fraction (Figure 3b). On the contrary, due to higher
thermal conductivity and lower thermo-optic coefficient (as pre-
dicted from Figure 3c and d, respectively), water shows negligible
TL signal as compared to methanol under experimental conditions.
The stronger H-bonding in water accounts for the effective modu-
lation of the intermolecular interaction, which results in a signifi-
cant deviation of the experimentally measured TL signals from
those calculated theoretically in case of the methanol water binary
solution series (Figure 3a).

However, in the case of methanol and heavy water (D2O) mix-
ture case, the calculated TL signal for the series matches surpris-
ingly well with the experimental TL signal (Figure 4a). To
apprehend this difference in behavior, we start by noting that un-
like pure water, heavy water does not have any absorption at
1560 nm under the experimental conditions. This becomes very
clear from the absorbance profile of the methanol–heavy water
binary mixtures (Figure 4b), where the absorbance simply in-
creases as the volume fraction of methanol gradually approaches
to 1. The change of the thermal conductivity and thermo-optic
coefficient across the binary mixtures for methanol–heavy water
case has also been shown in Figure 4c and d, respectively. Overall,
the heavy water has weaker H-bonding as compared to that in
water and thus could not produce any significant modulation in
the intermolecular interaction, which in turn did not lead to an
effective deviation in the trend of experimentally measured TL sig-
nals of methanol-heavy water binary solutions (Figure 4a) unlike
the methanol–water binary mixtures (Figure 3a).

Under Born–Oppenheimer approximation, the dispersion inter-
action and equilibrium dipole moment are independent of the iso-
tope substitution. Clough et al. have shown that there is slight
change in the dipole using Stark effect [33]. In 2008, Soper et al.
have shown that the hydrogen bond length in D2O is longer and
hence weaker compared to that of water [7], which also supports
our experimental results. In our experiment, deuteration results
in comparatively longer and hence weaker H-bond, which in turn,
does not affect intermolecular interaction in binary mixtures com-
pared to the case of methanol–water mixtures. Consequently, the
modulation in TL signals in case of methanol–D2O binary samples
are significantly less compared to the case of methanol–water mix-
tures, where it is noticeably higher and results in a considerable
deviation in the experimentally measured TL signals from that cal-
culated theoretically. Thus we probe the modulation of TL signals
resulting from the deuteration substitution effect. The result indi-
cates that the change in H-bonding resulting from the isotope ef-
fect induces a change in the intermolecular interaction and thus
the TL signal trend gets modulated under experimental condition.

4. Conclusion

The isotope substitution effect on TL signal in binary liquid mix-
tures is explored by using two-color pump–probe mode-mis-
matched Thermal-Lens Z-scan technique. We use the heavy
water and normal water mixed them individually with methanol
to prepare the binary liquid samples. We find that the isotopic sub-
stitution greatly affect the TL signal and subsequently propose that
under the Born–Oppenheimer approximation, dispersion interac-
tion would not change. Since the hydrogen bond parameters
change due to isotope substitution, it is the change in hydrogen
bond which greatly affects the intermolecular interaction and thus
modulates TL signal under the experimental condition.
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