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The acetic acid—water binary system is a classical hydroxy—carboxy mixed system, while new and interesting phe-
nomena appear under stimulated Raman scattering (SRS). Compared with the weaker signal of the acetic acid—water binary
system obtained in spontaneous Raman scattering, SRS provides a finer band and a relatively distinct structural transition
point. The structural transformation points are respectively at 30% and 80% by volume ratio under the condition of spon-
taneous Raman spectroscopy, while they are respectively at 15% and 25% under the condition of SRS. This phenomenon
is attributed to the generation of laser induced plasma and shockwave induced dynamic high pressure environment during

SRS.
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1. Introduction

Acetic acid, the main component of vinegar as well as
one of the most important organic acids, is widely used in
pesticides, medicine, organic chemical industry, food addi-
tives, and other fields.!'=> Investigation about the structural
feature of vinegar—water mixed solution has always been the
focal point in the purification of vinegar.[>-8] Based on pre-
vious researches, the main factor affecting the separation effi-
ciency of vinegar out of water is the various hydrogen bond (H
bond) structures in the acetic acid—water solution.®!% Gen-
erally speaking, H bonding is a kind of special intermolec-
ular interaction, existing in systems with a large number of
H molecules (generally liquid phase), and plays an important
role in many physical properties of liquid substances.!!!=131 In
the acetic acid—water solution, the acetic acid molecule is both
the donor and the acceptor of H bond simultaneously. Two
or more H bonds combination modes of acetic acid molecules
and water molecules result in different molecular association

14.15] The molecular association of acetic acid af-

structures. [
fects various physical and chemical properties of the acetic
acid-water solution directly. Accordingly, this topic has al-
ways been a research hot spot worldwide. Jakobsen et al. con-
sidered that the main structure of liquid acetic acid is a cyclic

dimer composed of two O-H- --O = C H bonds.!"%! Wu er al.

DOI: 10.1088/1674-1056/ab3279

revealed the presence of linear chains involving C=0---H-
C and C = O---O-H H bonding in the liquid acetic acid.!'”]
Briggs et al. found that pure liquid acetic acid involves strong
H bond. Molecular chains are more easily formed in the lig-
uid acetic acid and the proportion of cyclic dimer structure is
relative small.!'® It is concluded that the spontaneous Raman
spectroscopy method can play an significant role in the study
of the acetic acid molecular structure. It is possible to grasp
the changes of H bonds and molecular structures by analyzing
the measured Raman feature.

Spontaneous Raman spectroscopy shows relatively broad
and weak peaks, bringing about difficulties to the correlated
researches. Stimulated Raman scattering (SRS) spectroscopy,
as a supplement of spontaneous Raman spectroscopy, has
gradually entered the material analysis field.['”) SRS is usu-
ally excited by high-energy pulsed laser which can be used
to study the molecular structure under the extreme conditions
of instantaneous high temperature and high pressure. The Ra-
man peaks in SRS are sharper, so the cluster structure of liquid
molecules can be studied more accurately. After the intense
pulsed laser beam is focused in the material, the energy den-
sity at the focal point increases instantaneously. When the en-
ergy density is larger than the threshold of the material, plasma

120

generates.[??! Finally, the internal environment of the mate-
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rial changes dramatically. With the propagation of the laser
induced plasma, a large number of excess electrons generate
as well. The electrostatic effect of MW order of magnitude
can be formed in the local area of the material.[?!! Therefore,
SRS spectroscopy is often applied in the study of H bonding
structures in aqueous solutions due to the enhanced Raman
signals. Recent years, the SRS method goes through a rapid
development in the field of H bonding network in liquid water
thanks to continuous efforts of researchers. Yuan et al. excited
two abnormal radiations at 460 nm and 480 nm respectively
by 532 nm nanosecond laser, which were caused by the anti-
Stokes phenomenon of SRS at the water—air or water—plasma
interface.!*?! Kumar er al. discovered the energy-dependent
evolution of Stokes and anti-Stokes lines of ice VII in liquid
water using a strong pulsed laser with a wavelength of 532 nm
and a width of 30 ps.[?3] Hafizi et al. demonstrated that the
Stokes wave could re-focus the pump wave after the power
falls below the critical power through an analytical model
and propagation stimulation.>*! Our group also investigated
the strong and weak H bonds in liquid water and heavy wa-
ter with the pre-resonance enhancement SRS under dynamic
high pressure.[>>%) SRS method plays an important role in
the study of H bond structure in liquid water, however, little
has been used in the study of acetic acid and acetic acid—water
solution.

Herein, both the spontaneous Raman spectra and the SRS
spectra of acetic acid and its aqueous solution under different
blending ratios were discussed in depth. Different results were
found between the two kinds of Raman spectra. A two-peaks
distribution of acetic acid and water occurred at a volume ratio
of 15% in the SRS spectra, which was different from the corre-
sponding spontaneous Raman results. We analyzed the spec-
tral characteristics of different volume ratios of acetic acid—
water solution from the view of the corresponding H bond and
acetic acid—water cluster structure. This research will be help-
ful to improve the separation efficiency of vinegar—water on
the basis of molecular vibration.

2. Experiments

Ultra pure liquid water and analytically pure acetic acid
were employed to prepare the acetic acid—water binary sys-
tem, which both were purchased from Sigma-Aldrich Com-
pany. The spontaneous Raman spectra of the acetic acid—water
binary system were measured and recorded by an InVia Ra-
man confocal microscopic spontaneous Raman spectrometer
manufactured by Renishaw. The 514.5 nm laser source with
an output power of 2.2 mW was focused on the sample with a
20x magnification objective lens. The integration time is 60 s
and the resolution is 1 cm™.

In the SRS experiment, a frequency-tripled Nd: YAG laser

emited a laser pulse with 8 ns width at a wavelength of 355 nm

in base mode. The pulsed laser beam was focused by a focal
lens (f = 20 cm) into the acetic acid—water solution in a quartz
cell of 100 mmx 10 mmx45 mm. The forward SRS signal was
received by a Maya 2000 spectrometer. All the experiments
were carried out continuously under normal temperature and

pressure.

3. Results and discussion

First, the spontaneous Raman spectra of the acetic acid—
water solution with different volume ratios were measured.
The volume ratio of acetic acid varied from 10% to 100%
in steps of 10%. As shown in Fig. 1, when the volume ra-
tio changes, the Raman peaks from 3000 cm™! to 3800 cm ™!
which belong to the OH vibration show an evident frequency
shift. As shown in Fig. 2(a), the peaks at 3242 cm™' and
3443 cm~! are due to the symmetric and asymmetric stretch-
ing vibrations of water, respectively.!?’” From Fig. 2(b), the
Raman peaks have almost no frequency shift when the volume
ratio is less than 30%; the Raman peaks at both 3242 cm ! and
3443 cm~! move to high wavenumber rapidly when the vol-
ume ratio is higher than 30%; the Raman peak at 3242 cm™!
disappears when the volume ratio is 50%; the Raman peak at
3443 cm~! shows no frequency shift when the volume ratio is
higher than 80% and disappears completely when the volume
ratio is 100%. According to the literature,?®! the Raman peak
at 3443 cm™! belongs to the OH asymmetric stretching vibra-
tion of water molecule under the H bonding, which can not
be detected in acetic acid. Therefore, the peak weakens grad-
ually as the volume ratio of water decreases gradually, and
there is no Raman peak at 3443 cm™! in the spectrum when
the volume ratio is 100%. Based on the previous research,
the hydrated monomer (Mh) structure could be detected when

the volume ratio was less than 30%, 2%

as shown in Fig. 3(a).
The linear dimer (LD) begins to form when the volume ratio
reaches 30%,13%31 as shown in Fig. 3(b). The Raman peak
at 3242 cm~! disappears when the volume ratio is 50%, and
the LD structure reaches its maximum when the volume ratio
is 50%. Moreover, the proportion of water is lower than that
of acetic acid when the volume ratio exceeds 50%, so the OH
symmetric stretching vibration of water is weakened and the
Raman peak at 3242 cm~! disappears when the volume ratio
is over 50%. Under the micro-local water environment, the H
bonds in the cyclic dimer (CD) structure of acetic acid might
be destroyed by the water molecule, then a new cyclic associa-
tion structure through the water molecules connected with the
disconnected CD structure is formed, namely, the water sepa-
ration dimmer (WSD) structure,3%) as shown in Fig. 3(c). Han
et al. also believed that the LD structure would transform into
WSD structure when the volume ratio increased to 80%, 3334
as shown in Fig. 3(c). In summary, the Mh structure is the
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main aggregation mode of the acetic acid—water binary solu-
tion when the volume ratio is less than 30%, and the Raman
peaks have almost no frequency shift; the LD structure begins
to form in large quantities when the volume ratio is between
30% and 80%, and the Raman peaks move to high wavenum-
ber rapidly; the WSD structure appears in the solution when
the volume ratio is more than 80%, and the Raman peak shows
no frequency shift.

—10%
—20%
—30%

Raman intensity

2500 3000 3500

Raman shift/cm~!

2000

1500 4000

Fig. 1. Spontaneous Raman spectra of acetic acid—water solution with
different volume ratios.
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Fig. 2. (a) Raman spectra of OH vibration of acetic acid—water solution
from 3000cm ! to 3800 cm™~! in different blending ratios and (b) the
corresponding variation trend of Raman shift of bands at 3242 cm™!
and 3443 cm .

As shown in Fig. 4(a), peak 1714 cm™! is considered to
be caused by the C = O stretching vibration!*! In Fig. 4(b),

the Raman peak at 1714 cm™! has almost no frequency shift

when the volume ratio is less than 80% and exhibits obvious
frequency shift to low wavenumber when the volume ratio
exceeds 80%. This is due to the structural transformation in
the acetic acid—water solution while new H bonds are formed.
When the volume ratio increases to 80%, the LD structure
transforms into WSD structure, which is consistent with our

conclusions above.

o

(b) LD structure

(c) WSD structure

Fig. 3. Three kinds of molecular structures in acetic acid—water solu-
tion: (a) Mh structure, (b) LD structure, (c) WSD structure.
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Fig. 4. (a) Raman spectra of C = O stretching vibration of acetic acid-

water solution from 1600 cm~! to 1800 cm™! in different blending ra-

tios and (b) the corresponding variation trend of Raman shift of band at
1714 cm™!.
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Apart from spontaneous Raman measurements, SRS fea-
tures of the acetic acid—water solution were measured in dif-
ferent blending ratios. Compared with the abundant vibration
distribution of spontaneous Raman spectra, only two vibration
peaks were detected by SRS, namely, the CH3 stretching vi-
bration peak at 2868 cm~! of acetic acid and the OH vibration
peak at 3336 cm™! of water. This phenomenon is caused by
the different excitation mechanisms of SRS and spontaneous
Raman scattering. Under the condition of steady state limit,
the optical path length in the medium is defined as z, then the
intensity of the output Stokes signal can be expressed as

I (L) = I; (0) exp (Gysz) = Ls (0) exp [gsslp (0) Z] (D

It can be seen that the Stokes radiation is only derived from
the spontaneous Raman scattering noise, thus the Raman sig-
nal is relative weak under spontaneous conditions. %! Unlike
spontaneous Raman scattering, SRS is a non-linear optical ef-

1371 As the original Ra-

fect excited by intense laser incidence.
man noise is enhanced by a large number of incident photons,
the emitted signal shows the characteristics of coherent light.
In SRS, the weaker vibration modes would be masked by the
stronger vibration modes due to the output signal enhanced
exponentially. As a result, only the two vibration modes men-
tioned above are observed in the spectra. In the SRS spectra of
the acetic acid—water solution with different volume ratios, we
discover that only the 3336 cm™! peak of water appears in the
spectrum when the volume ratio is less than 15%, which cor-
responds to the OH stretching vibration peak of liquid water
under the influence of H bonding network.*8 Previous stud-
ies have shown that water molecules exhibit different H bond-
ings at different states due to the different degree of lattice
looseness, leading to different Raman features. The Raman
peak of OH vibration of gaseous water molecule can reach
about 3700 cm~! because of its loose H bond structure; the
characteristic peak wavenumber of OH vibration of solid wa-
ter molecule (ice Th) is about 3200 cm™! because of its dense
H bond structure; the H bond structure of liquid water is lo-
cated between them and the corresponding peak of OH stretch-

—1.B9 Compared with water

ing vibration is about 3400 cm
molecules at the other two states, the H bond structure of lig-
uid water is much complicated, which needs further investiga-
tion. Based on the above-mentioned theory, the bond length of
OH bond is shortened due to the H bond stretching under the
action of plasma shock wave, and the Raman peak of the OH
bond moves to low wavenumber. Consequently, the character-
istic peak of the water molecule shifts to 3336 cm™!, as shown
in Fig. 5(a). However, only the 2868 cm~! CHj3 stretching
vibration peak of acetic acid monopolizes the spectra without
3336 cm~! peak when the volume ratio is higher than 25%, as
shown in Fig. 5(b). Based on the above analysis, the Raman
peaks at 3336 cm~! and 2868 cm~! correspond to the OH

stretching vibration of water molecule and the CHj3 stretch-
ing vibration of acetic acid molecule in the acetic acid—water
mixed system.

—1
= (a) » (b) 2868.cm
@ 3336 cm™! R

=] [=]

g Q
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Fig. 5. Spectrum of acetic acid-water solution when the volume ratio is
(a) less than 15% and (b) more than 25%.
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Raman shift/cm~!
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Fig. 6. SRS spectra of acetic acid—water solutions with different volume
ratios.

The SRS spectra are shown in Fig. 6 and the correspond-
ing variation trend of the Raman peak intensity with acetic
acid volume ratio is shown in Fig. 7. The 2868 cm~!' Raman
peak intensity of acetic acid increases while the 3336 cm™!
Raman peak intensity decreases with the increase of the vol-
ume ratio as shown in Figs. 7(a) and 7(b). This phenomenon
is caused by the increase of the proportion of acetic acid
molecule in the cluster structure along with the increase of
the volume ratio. When the volume ratio is less than 15%,
the proportion of Mh structure begins to increase due to the
reduce of the H bond between the acetic acid molecules with
the increase of water molecules. In this case, the Mh molecular
association structure dominates the acetic acid—water solution.
With the volume ratio increasing, a new open LD structure of
dihydrate acetic acid molecule generates. Therefore, with the
increase of the volume ratio from 15% to 25%, the Mh struc-
ture is replaced by the LD structure gradually. In this process,
the OH vibration of water molecule is weakened, while the
CHj3 vibration of acetic acid molecule is strengthened. There-
fore, in SRS spectra, the Raman peak at 2868 cm~! is en-
hanced, while the Raman peak at 3363 cm~! is weakened.
When the volume ratio is higher than 25%, the WSD struc-
ture emerges through new H bonding and acetic acid molecule
reaction with the original H bonds being broken by the water
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molecules. With the volume ratio increasing, water molecules
around acetic acid molecules decrease. In consequence, the

concentration of WSD molecular structure is relatively high.

(a) (b)

Raman intensity of 2868 cm—!
Raman intensity of 3336 cm~!

15% 20% 25%

Volume ratio of acetic acid

15% 20% 25%
Volume ratio of acetic acid

Fig. 7. Intensity variation of Raman peaks with volume ratio: (a)
2868 cm ™! and (b) 3336 cm ™.

Except for the change of the Raman peak intensity, the
Raman shifts corresponding to the OH stretching vibration
peaks at 3316 cm ™!, 3330 cm ™!, 3336 cm™!, and 3336 cm™!
show a trend of moving towards high wavenumber as the vol-
ume ratio increases from 15% to 22.5%. The main reason
for this phenomenon is that the proportion of LD structure
increases gradually. Compared with the Mh structure, the H
bond strength of water in the LD structure is relatively large,
which will cause the OH bond to be stretched. Thus, the corre-
sponding peak moves towards the high wavenumber. In con-
clusion, the peak position moves to high wavenumber as the
volume ratio increases from 15% to 22.5% in the SRS experi-
ment.

The structural change points of SRS are 15% and 25%,
while those of the spontaneous Raman scattering are 30% and
80%. Distinct differences can be seen from the results. The
main reason is that the laser induced plasma and the followed
shockwave induced dynamic high pressure will be generated
in the SRS process. Under the shockwave induced dynamic
high pressure, the cluster structure of water changes in ad-
vance. After the intense laser pulse is focused in the liquid
water, the laser energy at the focal point is larger than the
breakdown threshold of water. A laser induced breakdown
(LIB) phenomenon at the focal point of the excitation beam
is produced. A plasma cloud which contains a large number
of nanobubbles near the ionization region forms by absorb-
ing the laser energy.[*?! Since the pressure inside the bubbles
is far higher than outside, the plasma nanobubbles burst in-
stantaneously, resulting in a strong shock wave inducing GPa-
level dynamic high pressure region. An electric field generates
while excess electrons continue to propagate in the dynamic
high pressure region. This extreme environment has an impact
on the H bonding structure and OH vibration, leading to the
structural change points of acetic acid—water solutions mov-

ing forward.

4. Conclusion

In summary, the variation of H bond network of the acetic
acid—water binary system with different volume ratios is inves-
tigated detailedly by spontaneous Raman scattering and SRS

methods. Both of spontaneous Raman scattering and SRS

spectra demonstrate the existence of two structural transforma-
tion points in the acetic acid—water binary system with differ-
ent volume ratios. However, the SRS results exhibit different
features from the spontaneous Raman ones due to the different
excitation mechanisms. Great emphases have been put on the
laser-induced plasma produced by SRS and the accompanying
shockwave induced dynamic high pressure environment. The
dynamic effect of this phenomenon on the acetic acid—water
binary system is also analyzed. This paper contributes to ex-
tend the application of SRS spectroscopy in the area of liquid
materials and guide significance for the purification of acetic
acid.
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