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Abstract: The terahertz Kerr effect (TKE) spectroscopy provides time-resolved measurement of
low-frequency molecular motions of liquids. Here, the intense broadband terahertz (THz) pulses
resonantly excite multiple molecular modes in pure ethanol and ethanol-water mixtures. For
pure ethanol, the obtained unipolar TKE response contains the molecular relaxation information
extending over tens of picoseconds, which originates from the coupling between the permanent
molecular dipole moment of ethanol and the THz electric field. For ethanol-water mixtures with
different molar proportions, the results observed on the sub-picosecond time scale can always be
divided into the linear superposition of the TKE signals of pure ethanol and water. Under the
observation time window over tens of picoseconds (after 1 picosecond), the relative molecular
contribution of ethanol in the mixture changes nonlinearly with the increase of water molecules,
implying the complex structural perturbation of ethanol hydrogen bond network in the mixture.
This work provides a new perspective for further investigation on the hydrogen bond network
structure and dynamics in aqueous amphiphilic solutions.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The low-frequency molecular motions of hydrogen bond liquids, such as intermolecular hydrogen
bond vibration, single-molecule reorientation and coordinated rearrangement of hydrogen bond
system, occur on the time scale from femtoseconds to picoseconds [1–5]. These molecular
motions are closely related to the structural dynamics of liquids, which have important effects on
the corresponding chemicophysical properties and biological activities [6,7]. Water and alcohols
are classic hydrogen bond liquids and have attracted extensive attention from researchers in
the past two decades. In particular, as the simplest chemically amphiphilic aqueous solutions,
alcohol-water mixtures, are considered as the reference for exploring molecular interactions in
biological processes [8]. A large number of techniques, such as Raman, infrared, dielectric,
and optical Kerr effect spectroscopy, have been applied to determine the transformation of
some macroscopic parameters related to the structure of alcohol-water mixtures [9–16]. For
example, in the ethanol-water solution, the parameters of excess enthalpy, diffusivity, viscosity
and heat capacity exhibit maximum or minimum values at a certain ethanol molar fraction,
which is caused by the interaction of hydrogen bonds in the mixture [16–19]. However, because
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of the complexity of intermolecular interactions and large spectral overlap of relevant motion
modes (such as relaxation processes and intermolecular modes), the accurate assessment of
low-frequency molecular dynamics and systematic observation of hydrogen bond network in
alcohol-water mixtures are still challenging.

More recently, terahertz Kerr effect (TKE) spectroscopy technology provides a new perspective
to investigate the low-frequency molecular motions in liquids [20–24]. As the terahertz (THz)
field can resonantly drive the rotation of a single molecule or the collective low-frequency
molecular motions, a strong response with relatively high signal-to-noise ratio for molecular
dynamics in liquid can be achieved. Therefore, the use of this novel TKE technique to observe
the low-frequency molecular motions in alcohol-water mixtures is highly desired and essential
for understanding the hydrogen bond dynamics at the microscopic level [25–27]. In particular,
in 2018 Kampfrath et al. used the intense THz pulses centered at ∼1 THz to excite methanol
and obtained the unipolar TKE signal. They concluded that the V1 vibrational mode (∼1.7
THz) associated with the fluctuation of the methyl group is mainly isotropic and there is a week
intermolecular coupling between the re-orientational relaxation and vibrational mode by THz
pulse excitation [22]. Most recently, our group used broadband THz pulses to induce the Kerr
effect in liquid water [23] and ionic aqueous solutions [24], and successfully detected the bipolar
anisotropic responses originated from the intermolecular hydrogen bond vibration modes under
resonant excitation. These latest experiments provide strong evidence and new perspective for
further investigation of hydrogen bond dynamics in alcohol-water solutions. Nonetheless, to the
best of our knowledge, the study of THz-driven Kerr effect in alcohol-water mixture has not been
reported so far.

Here, we use the intense broadband THz pulse (peak electric field strength of ∼15.5 MV/cm,
center frequency of 3.9 THz, frequency range of 1∼10 THz) to excite the ethanol and the
ethanol-water mixed solutions with different molar proportions, and observe the time-resolved
evolution of the transient birefringence. We analyze the potential microscopic origins that
contribute to the polarizability anisotropy. For ethanol-water mixtures with different molar
proportions, we extract the concentration-related contribution coefficients of pure ethanol and
water on the sub-picosecond timescale and the relative amplitudes of the molecular motions
under the observation time window over tens of picoseconds (after 1 ps). In addition, we find that
the relative molecular contribution of ethanol in the ethanol-water mixture exhibits a maximum
value at a certain molar proportion, which is caused by the destruction of the structure related
to the hydrogen bond chain of ethanol. The application of TKE technology in ethanol-water
mixture can provide a basic reference for understanding the interactions of different hydrogen
bond liquids and facilitate to consummate the theoretical model of hydrogen bond dynamics.

2. Experimental results and theoretical analysis

The schematic diagram of the experimental setup is shown in Fig. 1(a). We used an organic 4-N,
N-dimethylamino-4’-N’-methyl stilbene toluene sulfonic acid (DAST) crystal as the THz source
[28], which was pumped with the 1550 nm femtosecond laser pulses (repetition rate of 1 KHz)
produced by an optical parametric amplifier (OPA, Spectra Physics). The generated linearly
polarized THz pump pulse was reflected by an off-axis parabolic mirror with focal length of 50.8
mm and focused onto the liquid sample. A set of low-pass THz filters with cut-off frequency of
18 THz was used to filter out the residual NIR. The THz-induced transient birefringence was
detected by the time-delayed 45° polarized optical probe pulse with wavelength of 800 nm. The
induced refractive index change ∆n through the liquid film can be expressed by the phase shift ∆φ
[20] measured by the classic electro-optical sampling (EOS) method with a balanced photodiode
detector (PDB210A/M, Thorlabs), namely:

∆φ(t) =
2π
λ

∫ l

0
∆n(z, t)dz (1)
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where l represents the thickness of the liquid sample. ∆n denotes the difference of the refractive
index changes along two major axes. In particular, we used a stable free-flowing liquid film
system to avoid the additional background response and heating effect in traditional window
materials. This system for generation of ultra-thin liquid film was consisted of two parallel
100 µm-diameter aluminum wires separated by ∼5 mm. Liquid water, ethanol and ethanol-water
mixtures used in this work had a thickness of 90± 4 µm by controlling the flow regulating valve,
which was measured and calibrated by an optical second harmonic intensity autocorrelator [29].
We obtained the ultra-pure water (σ <0.1 µS/cm) from a lab-based purification system and
purchased the ethanol with >99.8% purity from HUSHI (CHN). During all measurements, the
surrounding environment is held at a constant temperature of 22± 1 °C. We used electro-optical
sampling with 100 µm GaP to obtain the THz electric field waveform, and reconstructed the
measured waveform with a full complex response function [23]. In addition, the intense THz
pulse would saturate the GaP response. Therefore, we used the TKE signal of diamond to
calibrate the THz electric field strength [23,30,31]. As a result, we obtained an intense and
broadband THz pump pulse with peak electric field strength of 15.5 MV/cm and bandwidth over
the range of 1∼10 THz with a center frequency of 3.9 THz, as shown by the red line in Fig. 1(b).

Fig. 1. (a) Diagram of the experimental system. About the liquid film: ethanol, water,
and ethanol-water mixture. (b) The fitted dielectric loss spectrum of ethanol. The red
line represents the frequency spectrum of the THz pump pulse in our experiment. (c)
TKE responses of ethanol with different pump intensities. The inset shows the intensity-
dependence curve of TKE response for ethanol. (d) The measured TKE response of ethanol
(with the THz electric field strength of 15.5 MV/cm) and theoretical simulation results
with electronic and molecular responses, respectively. The red line is the sum of the above
two contributions, which matches well with the experimental data (blue line). The inset
represents the TKE response of ethanol under a long observation time window, which is
accompanied by a recovery process extending over tens of picoseconds.

The measured TKE signals of pure ethanol with different THz pump intensities are shown
in Fig. 1(c). We record the peak values of the signals for different pump intensities and find
that it is proportional to the square of the pump electric field strength (as shown in the inset of
Fig. 1(c)), proving that the measured signals of pure ethanol are dominated by the THz Kerr
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effect. In particular, the measured unipolar TKE signal of ethanol exhibits two characteristics: (i)
a sharp rise at the sub-picosecond time scale, (ii) and a slow signal decay process that extends
over tens of picoseconds. Usually, the characteristic (i) of sharp rise mainly comes from the
electronic response of liquid itself, which is introduced by the electron cloud distortion under
THz pump pulse excitation. Therefore, the temporal response of the electronic contribution at
the sub-picosecond time scale should follow the THz intensity curve under ideal conditions.
Furthermore, considering the inevitable error factors in the sampling process, such as the sampling
error caused by the 50 fs probe pulse [32], the phase mismatch between THz pulse and 800 nm
probe pulse [30,31], the surface reflection [31], and the Gouy phase shift during the propagation
of the focused THz wave in the ethanol film [33,34], we correct the electronic response in ethanol
as follows:

∆φe(t) = 2πBe

∫ l

0

[︂
t12E(t + βx - arctan(nTHzx/ZR)) · exp(−

α

2
x)
]︂2

dx

∗ exp(−4 ln 2(t/τ)2)
(2)

where Be ≈ 0.0093 × 10−14m/V2 represents the electronic response coefficient in ethanol [20],
t12 = 2/(nTHz + 1) denotes the Fresnel transmission coefficient, and nTHz ≈ 1.47 is the refractive
index of THz wave in ethanol β≈0.53 ps/mm. is the phase mismatch factor between THz pulse
and 800 nm probe pulse. exp(−α

2 x) signifies the attenuation of THz wave propagated in the
sample (For ethanol, α ≈ 140/cm[35]). arctan(nTHzx/ZR) denotes the phase shift term and ZR
is the Rayleigh length (∼0.26 mm in this work). For broadband THz pulses, the phase factor
of arctan(nTHzx/ZR) is added to the time term of the THz electric field, which can be obtained
by combining the derivative of the THz electric field with frequency-domain correction and
trigonometric operations in the numerical calculation. exp(−4 ln 2(t/τ)2) represents the sampling
pulse term and τ is the pulse width of the probe pulse (50 fs in this work). Here, we ignore the
frequency dependence of these factors to reduce the huge amount of calculation, and use the
optical parameters at the center frequency of 3.9 THz as the average value for approximation.
Taking into account the above factors, we perform the convolution operation on the THz pulse
term and the probe pulse term (Eq. (2)). The simulated electronic response is shown as the
green line in Fig. 1(d) and is basically consistent with the measured TKE response under
the sub-picosecond observation time window. Moreover, the frequency spectrum of applied
broadband THz pulse covers a variety of molecular motion modes of ethanol. The dielectric loss
spectrum of ethanol is shown in Fig. 1(b), which is fitted by three Debye-type contributions with
relaxation times of ∼100 ps, ∼8 ps and ∼1.1 ps, and two Lorentz contributions centered at∼1.74
THz (V1 mode) and∼3.46 THz (V2 mode). These contributions are attributed to the cooperative
diffusion motion, fluctuations of terminal single monomers of the hydrogen bond chain structure,
formation and breakage of hydrogen bonds, fluctuation of the alkyl group in the hydrogen bond
chain-like network, and the intermolecular stretching vibration of the hydrogen bond network,
respectively. The measured TKE signal (blue line) demonstrates no obvious gain from additional
oscillation responses compared to the simulated electronic response at the sub-picosecond time
scale, which indicates that the related vibrational modes (V1, V2 modes) are mainly isotropic
[1,4,22].

In addition, the obvious decay characteristic (ii) of measured TKE signal in pure ethanol are
dominated by the molecular motions of ethanol. The coupling between the permanent molecule
dipole moment of ethanol and the THz electric field can be assigned to two fast Debye relaxation
modes, which are related to the formation and breakage of hydrogen bonds with the relaxation
time τ1=1∼2 ps, (D1 process) and the fluctuations of terminal single monomers of the hydrogen
bond chain structure with the relaxation time τ2=7∼12 ps (D2 process) [1,25]. In the present
work, we did not observe the slow Debye relaxation process associated with the reorganization
of the hydrogen bond network with a time constant up to ∼100 ps (D3 process), which is not
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effectively identified by the used THz pump pulses. We use a double exponential decay model
[36] to describe the molecular contributions of the two fast Debye relaxation modes to the TKE
signal of ethanol, and the fitted time constants of τ1=1.1 ps, τ2=8 ps are adopted [25]. The
simulated molecular response of ethanol is demonstrated as the yellow line in Fig. 1(d). Moreover,
we find that the sum (red curve) of simulated electronic and molecular responses is in good
agreement with the measured TKE signal (blue). This indicates that the electronic contribution
is absolutely dominant in the ultrafast evolution process at the sub-picosecond time scale, and the
molecular contribution plays the major role over tens of picoseconds. Note that Kampfrath et al.
also observed that the unipolar TKE signal of ethanol is dominated by the electronic response
under a THz pump field with ∼1 THz center frequency [22]. However, Zalden et al. used THz
pulses with ∼0.25 THz center frequency to excite ethanol and obtained a bipolar TKE signal
with relatively high molecular response component [20], revealing that the molecular response of
ethanol TKE signal depends heavily on the driving frequency.

Based on the above TKE measurement results of ethanol, we investigate the TKE responses of
the ethanol-water mixtures with different molar proportions under THz pulse excitation (with the
electric field strength of 15.5 MV/cm), as shown in Fig. 2(a). The mixed ratio of the two liquids
is expressed by the molar concentration C of ethanol molecules, namely C=100 mol % (ethanol),
C=0 mol % (water). To facilitate the observation of the decay characteristics, we normalize the
measured TKE response of the ethanol-water mixtures with the molar concentration of 100, 70,
40 mol % according to the amplitude at t=5 ps, respectively (as shown in the inset of Fig. 2(a)).
The TKE responses for the ethanol-water mixtures with different molar concentrations almost
overlap after ∼5 ps, indicating that the molecular responses of the mixtures are still dominated by
the two fast Debye relaxation modes of ethanol. Firstly, we use Eq. (3) to fit the TKE responses of
ethanol-water mixtures with different molar concentrations and the corresponding fitted results
are shown by the gray lines in Fig. 2(b).

∆φ(t) = ai∆φwater(t) + bi∆φethanol(t) (3)

where ∆φwater(t) represents the measured TKE response of pure water (C=0 mol %, as shown by
the wathet blue line in Fig. 2). The experimental and theoretical research of the TKE response in
water has been reported in our latest study, in which the measured bipolar signal is assigned to
the electric, Debye relaxation, intermolecular hydrogen bond stretching vibration and bending
vibration contributions [23]. In particular, the transient birefringence is mainly attributed to the
two modes of intermolecular hydrogen bond motions [23]. ∆φethanol(t) denotes the measured
TKE response of ethanol (C=100 mol %), which can reach about ∼10 times greater than that of
water under the same condition. ai and bi represent the coefficients related to the ethanol molar
concentration in the mixture. Under the ultrafast time window, the contributions of water and
ethanol to the TKE response depend on the number of two types of excited molecules, which
are mainly related to the molar concentration of ethanol and the THz absorption coefficient of
the ethanol-water mixture. Therefore, the fitted TKE responses of the ethanol-water mixtures
with different molar concentration are present in Fig. 2(b), (c). On the sub-picosecond time scale
(before 1 ps), the fitted results are in good agreement with the measured data for different molar
concentrations (Fig. 2(b)), indicating that the temporal evolution curves of the TKE responses of
the mixtures can always be represented by the linear superposition of the TKE responses of pure
water and ethanol.

However, if this linear superposition simulation is extended to the time scale over tens of
picoseconds (after 1 ps), the measured results with different molar concentrations deviate from
the expectations. For example, as shown in Fig. 2(c), the measured TKE response of the
ethanol-water mixture at C=70 mol % (red line) is greater than the calculated value (gray line),
while the measured TKE response at C=40 mol % (yellow line) is smaller than the calculated
value (gray line). The similar deviation from the linear superposition simulation has also been
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Fig. 2. (a) TKE responses of ethanol-water mixtures with different molar ratio of
ethanol/water molecules. The inset shows the normalized TKE responses of the ethanol-water
mixtures (normalization according to the amplitude at t=5 ps, respectively) with the molar
ratios of 100/0, 70/30 and 40/60 (corresponding to the ethanol molar concentrations of 100,
70 and 40 mol% respectively). (b) The fitted (gray lines) and measured TKE responses of
ethanol-water mixtures with different molar ratios under the sub-picosecond observation
time window (before 1 ps). (c) The measured TKE responses of ethanol-water mixtures
(with the molar ratios of 70/30 and 40/60) and the corresponding calculated results (gray
lines) under the observation time window over tens of picoseconds (after 1 ps).

observed in the Raman spectrum study of ethanol-water mixtures below 40 cm−1 [37], implying
that there are complex interactions related to the molecular structures in the mixture.

To further fully investigate the potential molecular motions, we then discuss the TKE responses
under the observation time windows of sub-picosecond and tens of picoseconds separately.
t=1 ps is the break point of the two observation time windows. On the sub-picosecond time
scale (before 1 ps), the fitted values of ai, bi are depicted in Fig. 3(a). With the amount
of water molecules increases, the contribution of water to the TKE response of the mixture
gradually increases, indicating that the restricted translational motion of adjacent water molecules
contributes incrementally to the anisotropic response with the THz pulse excitation. A small
amount of ethanol molecules in the mixture will hardly affect the hydrogen bond network of
liquid water. Even with the addition of a large amount of ethanol molecules, the TKE response
of the mixture still contains the anisotropy information about the water-water intermolecular
hydrogen bond motion modes, implying that the water intermolecular hydrogen bond structure
can exist in the ethanol-rich region. These measurements under sub-picosecond observation
time window are basically consistent with the results of the low-frequency Raman studies for the
ethanol-water mixture, which show that the intermolecular vibrational modes are independent of
each other in the mixture of these two liquids [37,38].
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Fig. 3. (a) Coefficients ai, bi for different molar concentrations under the sub-picosecond
observation time window. (b) The relative amplitudes of two Debye relaxation processes at
different molar concentrations compared to pure ethanol.

Under the observation time window over tens of picoseconds, we use a double exponential
decay model (Eq. (4)) to simulate the relaxation processes in the ethanol-water mixtures with
different molar concentrations. This fitting method has been proved appropriate in the recent
molecular dynamics simulation research [25].

∆φm(t) ∝ E2(t) ∗ M(Ac=i/τ1 exp(−t/τ1) + Bc=i/τ2 exp(−t/τ2)) (4)

On the premise that the fitted curve and the measured data are in good agreement (such as
the fitting results of pure ethanol under the window over tens of picoseconds shown in the
inset of Fig. 1(d)), we obtain the same values of time constants (τ1=1.1 ps, τ2=8 ps) for the
mixtures with different molar concentrations and record the amplitudes of AC=i, BC=i related
to the two molecular relaxation modes (C= i represents the ethanol molar concentration of the
ethanol-water mixture). Here we ignore the contribution of the Debye relaxation process of water
to the anisotropic response, because the response on the picosecond scale of water is too small
compared to ethanol (for example, the response of water at t=5 ps is less than one-twentieth that
of pure ethanol). In order to more directly quantify and analyze the deviations in mixtures of
different molar concentrations (as shown in Fig. 2(c)), the recorded amplitudes of AC=i, BC=i are
divided by a concentration-related linear fitting value to obtain the values of AC=i

′, BC=i
′ (i.e.,

AC=i
′ = AC=i/(AC=1bi) , BC=i

′ = BC=i/(BC=1bi), and the parameter bi is taken from Fig. 3(a)),
which represent the relative amplitudes of two Debye relaxation processes at different molar
concentrations (C= i) compared to pure ethanol. Here we take bi as the normalization coefficient
of AC=i

′, BC=i
′ to illustrate the changes of the amplitudes of the two Debye relaxation processes

when the excited ethanol molecules in ethanol-water mixtures with different molar concentrations
are the same. As shown in Fig. 3(b), the blue line represents the relative amplitude AC=i

′ for D1
relaxation process with different molar concentrations. When adding a small amount of water
molecules to ethanol, we observe a relatively enhanced D1 relaxation process, which is due to
the increased molecular motions associated with the hydrogen bond breakage and formation
of ethanol. However, as the amount of water molecules increases, the relative amplitude of D1
relaxation process decreases, and an inflection point appears at around ∼70 mol%. For the relative
amplitude BC=i

′ of D2 relaxation process depicted by the red line in Fig. 3(b), it is associated
with the fluctuations of terminal ethanol monomers of the hydrogen bond chain. When a small
amount of water molecules is introduced into ethanol, the relative amplitude increases as the
molar concentration of ethanol decreases in the range of C=100∼70 mol %. However, with the
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number of water molecules increases, the relative amplitude gradually decreases in the range of
C=70∼30 mol % and quickly drop to the noise level when C is less than ∼30 mol %.

The relative amplitudes of D1 and D2 relaxation processes are closely related to the hydrogen
bond chain structure of ethanol in the mixed solution. In pure ethanol, the ratio between the
number of ethanol intermolecular hydrogen bonds and the number of ethanol molecules is about
95% [25,39]. Meanwhile, the number of terminal ethanol monomers of the hydrogen bond
chain accounts for about 10% of the number of ethanol molecules [25,39]. The addition of a
small amount of water molecules (in the range of C=100∼70 mol %) causes the long hydrogen
bond chain of ethanol to break into several short chains, thereby increasing the number of
terminal ethanol monomers of chains and the probability of formation and breakage of ethanol
intermolecular hydrogen bonds. Therefore, the relative amplitudes of D1 and D2 relaxation
processes increase almost simultaneously. According to our experimental results, at the inflection
point of 70 mol %, the proportion of terminal ethanol monomers of the hydrogen bond chain
increases to about 14% compared with that in pure ethanol, which is basically consistent with
the growth trend of molecular dynamics simulation [25,39]. When water molecules are further
added (in the range of C=70∼30 mol %), the amount of free ethanol monomers isolated by water
molecules gradually increases, resulting in the decrease in the proportion of terminal ethanol
monomers of the chain. When the molar concentration of ethanol reduces below 30 mol%,
the amplitude of D2 relaxation process has been decreased to the noise level. This is mainly
because ethanol molecular clusters are gradually dissolved by water molecules, making it difficult
to maintain the chain-like structure of ethanol. As a result, this relaxation mechanism of D2
process vanishes as water molecules dominate the mixture. Nonetheless, a large number of free
ethanol monomers still have the opportunity to combine with other ethanol molecules to form
hydrogen bonds. Therefore, compared with the rapid decrease of the amplitude of D2 process, the
decreasing rate of the amplitude for D1 process is relatively slow. In addition, the characteristic
time constant is not significantly affected by the length of the hydrogen bond chain. The nearly
stable time constant in the ethanol-water mixtures with different molar concentrations of ethanol
is also supported by the recent study [25].

3. Conclusion

The intense broadband THz pulses induce the Kerr effect in ethanol and ethanol-water mixtures,
which provides a time-resolved perspective for exploring the dynamics of collective or cooperative
movement of molecules in hydrogen bond liquids. The TKE measurement of ethanol on the
sub-picosecond time scale shows that the vibrational modes related to the stretching vibration of
the hydrogen bond network and the fluctuation of the alkyl group in the hydrogen bond chain-like
network, have no harmonic oscillator characteristics and no obvious gain in response amplitude,
indicating that these vibrational modes are mainly isotropic. For the ethanol-water mixtures
with different molar proportions, the anisotropic contribution related to the intermolecular
hydrogen bond movement of water can always be observed, which demonstrates that water
intermolecular hydrogen bond structure can exist even in the ethanol-rich region. Moreover,
the relative molecular contributions of ethanol related to the relaxation processes show a trend
of first increasing and then decreasing with the addition of water molecules, which reflects the
breakage of the hydrogen bonds and the destruction of chain-like structure of ethanol. This work
presents a new perspective for exploring the interaction of solute-solvent molecules, and provides
experimental references for the establishment of expanded theoretical models associated with the
molecular dynamics of hydrogen bond liquids.
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