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The dissociation of water molecules by ultrasound irradiation under aerobic conditions was demon-
strated experimentally. To be able to detect the dissociation of water molecules, we performed the ul-
trasound irradiation of 70-labelled water (HY0) under aerobic conditions. The hydroxyl and hydrogen
radicals generated during the ultrasound irradiation process were trapped with 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO), and electron spin resonance (ESR) spectroscopy was performed on the
DMPO spin adducts. In the ESR spectrum, a 15-line signal attributable to the trapping of the hydroxyl
radicals containing 70 ('OH radicals) by DMPO together with a 4-line signal attributable to the trapping
of the hydroxyl radicals containing '°0 (*®0OH radicals) by DMPO were observed. The generation of ’OH
radicals indicated that HYO was dissociated by the sonolysis process under aerobic conditions. On the
other hand, the ESR signal attributable to the trapping of hydrogen radicals by DMPO was not observed,

suggesting that hydrogen radicals were not generated during the dissociation of water molecules.

© 2016 Published by Elsevier Inc.

1. Introduction

Ultrasound is being used in medical and dental fields. Especially,
ultrasound with the frequency above 1 MHz is used for therapeutic
and cleaning tools [1—4]. In the therapeutic applications, the high
frequency has been chosen due to its depth of penetration into
tissue [5—7]. For ultrasound cleaning, the high frequency ultra-
sound is effective to remove particles from the surface of object
such as tooth [8,9], which is due to a strong acceleration of the
water molecules. However, there are concerns whether ultrasound
irradiation can induce oxidative damage in the human body,
because free radicals are generated when water is exposed to ul-
trasound waves with an intensity higher than a certain threshold.
These free radicals have the ability to damage biological molecules
(e.g., enzymes, DNA, and lipids) in vitro. Thus, to prevent any acci-
dental damage resulting from the use of ultrasound waves and to
ensure the safety and reliability of ultrasound irradiation with
respect to its application in the medical and dental fields, a
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thorough understanding of the mechanism of free-radical genera-
tion under ultrasound irradiation is essential.

When bulk water is subjected to ultrasound irradiation, cavi-
tation bubbles grow and collapse repeatedly [10]. During their
collapse, the local temperature and pressure can be higher than
5000 K and 500 atm, respectively [11,12]. The high temperature and
pressure are what result in the generation of free radicals [13—16].
The primary reaction responsible for the generation of free radicals
is the thermal dissociation of the water molecule into a hydroxyl
radical (*OH) and a hydrogen radical (*H), as shown below:

H,0 — +OH + *H (1)

The reaction (1) has been confirmed in bulk water exposed by
ultrasound with 50 kH frequency under argon gas conditions
through electron spin resonance (ESR)-spin trapping measure-
ments; the ESR signals attributable to hydroxyl radicals and
hydrogen atoms were detected [15—17]. However, it is confirmed
only under limited measurement conditions.

Under aerobic conditions, only the signal attributable to hy-
droxyl radicals has been observed [16,18]. Therefore, the reaction
(1) may not be the primary reaction of water sonolysis under aer-
obic conditions. Alternatively, under aerobic conditions, oxygen
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molecules also undergo thermal dissociation in the interior of
collapsing bubbles, resulting in biradical oxygen atoms (°O*)
[19,20]:

0, — 2+0° 2)

Based on the reactions involving oxygen atoms known from
combustion chemistry, the following reactions have been proposed
to explain the generation of hydroxyl radicals:

-0* + H,0 — *OH + *OH (3)

In this reaction, only hydroxyl radicals are generated under ul-
trasound irradiation of water in the presence of oxygen molecules.
Based on this reaction mechanism, the isotopic exchange of 0-
labelled oxygen molecules (¥0,) and water (H}°0), and the gen-
eration of hydrogen peroxide labelled with one 80 atom (H30'60)
under ultrasound irradiation can be explained [21]. Therefore, Re-
action (2) and (3) are commonly accepted as the mechanism of
hydroxyl radical generation by ultrasound irradiation of liquid
water in the presence of air. However, to confirm that the proposed
mechanism is correct, the primary reaction involved in the sonol-
ysis of water under aerobic conditions, represented by Reaction (3),
should be validated experimentally.

In this study, in order to elucidate the primary reaction involved
in the sonolysis of water under aerobic conditions, we performed
the ultrasound irradiation of O-labelled air-containing water. The
free radicals generated were detected using 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO). The nuclei spin number of 70 is 5/2,
while that of 0 is 0. Because of this difference in the spin
numbers, the ESR signal attributable to "OH-trapping DMPO
(DMPO-70H) was different from that related to ®OH-trapping
DMPO (DMPO-'60H). This allowed the hydroxyl radicals generated
from water and those from oxygen molecules to be distinguished.
Further, ultrasound at 1.65 MHz frequency, which is used in ther-
apeutic and cleaning tools in medical and dental fields [1—4], was
used in the present study.

2. Materials and methods

DMPO was obtained from LABOTEC Co., Ltd. (Tokyo, Japan)
while 2,2,6,6-teteramethyl piperidinol (TEMPOL) was obtained
from Sigma-Aldrich (Tokyo, Japan). HYO (>90 atom% !70) was
purchased from NUKEM Isotopes GmbH (Alzenau, Germany).

A previously reported experimental device for ultrasound gen-
eration was used in this study [22,23]. In this device, the ultrasound
generator is placed at the bottom of a water bath. First, 200 pl of
water containing 100 mM DMPO was transferred to a glass tube
(15 mm in diameter and 85 mm in length). The glass tube was
placed in the water bath and was fixed above the ultrasound
generator. The temperature of the bulk water was controlled at
20 + 1 °C by the low temperature circulator (Tokyo Rikakikai Co.,
Ltd, Japan). Next, ultrasound irradiation (power of 30 W and fre-
quency of 1.65 MHz) was performed for 30 s.

The water sample exposed to the ultrasound waves was trans-
ferred to a flat quartz cell (150 pL) for the ESR measurements. The
optical path length was 0.25 mm. The ESR spectra were recorded at
room temperature using an X-band spectrometer (JES-FA-100, JEOL
Ltd., Tokyo, Japan), which was operated at 9.43 GHz. The magnetic
field was modulated at 100 kHz. The conditions for measuring the
ESR spectra were as follows: microwave power of 4 mW; magnetic
field of 335.5 + 5.0 mT; field modulation width of 0.1 mT; sweep
time of 2 min; and time constant of 0.1 s.

The signal intensities were normalized with respect to a MnO
marker, and the concentrations of the stable radical products were

determined on the basis of the signal height using an external
standard, TEMPOL. The concentration of OH was determined using
Digital Data Processing (JEOL) and expressed in terms of the con-
centration of DMPO-OH, a spin adduct of OH. All the tests were
performed at least in triplicate at room temperature.

3. Results and discussion

During the ultrasound irradiation to H,O in the presence of air, a
4-line ESR signal with the intensity ratio 1:2:2:1 was observed, as
shown in Fig. 1. This signal was attributable to DMPO-'0H, which
has a g value of 2.0064 and hyperfine constants of 1.49 (an) and
149 mT (ay) [24]. No signal related to hydrogen radicals was
observed, in keeping with previous reports.'®!® This result indi-
cated that hydroxyl radicals were generated during the ultrasound
irradiation to water under aerobic conditions in the present study,
in agreement with previous studies.

The dependence of the generation of DMPO-OH on the ultra-
sound irradiation time is shown in Fig. 2. In keeping with what has
been reported previously, the DMPO-OH signal increased linearly
until an irradiation time of 30 s. For further increases, it plateaued,
owing to the degradation of DMPO-OH because of the ultrasound
waves [25]. To investigate the initial stage of the water sonolysis
process (i.e., the stage prior to the degradation of DMPO-OH), we
performed ultrasound irradiation for 30 s. In this case too, the ul-
trasound irradiation to H§7O was performed under aerobic condi-
tions. In addition to the 4-line signal attributable to DMPO-'60H,
another multiple-lines signal was observed, as shown in Fig. 3(a).
Using a simulation of the ESR measurement results, the signals
shown in Fig. 3(a) could be fitted well using a combination of the 4-
line signal attributable to DMPO-'0H and a 15-line signal attrib-
utable to DMPO-'OH, as shown in Fig. 3(b). The 4-line signal
related to DMPO-'®0H has a g-value of 2.0064 and hyperfine con-
stants of 1.49 mT (an) and 1.49 mT (ay) (Fig. 3(c)), while the 15-line
signal related to DMPO-'70OH has a g-value of 2.0064 and hyperfine
constants of 1.49 (an), 1.47 mT (ay), and 0.47 mT (a70) (Fig. 3(d))
[24]. This result indicates that not only '®0H radicals but also 7OH
radicals were generated by based on the results of the ESR mea-
surements, we concluded that hydroxyl radicals are generated by
the dissociation of water molecules when they are exposed to ul-
trasound waves under aerobic conditions.

According to the simulation results shown in Fig. 3(c) and (d),
the ratio of the intensities of the DMPO-'®0OH and DMPO-!OH
signals was nearly 1. This ratio was almost constant until the ul-
trasonic irradiation time was at least 45 s. These results indicate
that the amounts of 0H and '7OH radicals generated during water
sonolysis are almost equal when ultrasound is exposed to HYO in
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Fig. 1. ESR spectrum of the spin adduct formed during the sonolysis of H,O for 30 s
under aerobic conditions in the presence of 100 mM DMPO.
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Fig. 2. Effect of the sonication time on the yield of DMPO-OH under aerobic conditions.

the presence of 1%0,. Based on the proposed reaction mechanism
for hydroxyl radical generation by water sonolysis under aerobic
conditions [14,21], hydroxyl radical generation from HYO by
sonolysis in the presence of '®0; can be described as follows:

1602 N ,160. + .160, (4)
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Fig. 3. ESR spectra of the spin adducts formed during the sonolysis of HY’O for 30 s
under aerobic conditions in the presence of 100 mM DMPO. (a) Experimental spec-
trum, (b) simulated spectra of both DMPO-"7OH and DMPO-'®OH, (c) simulated
spectrum of DMPO-'70OH, and (d) simulated spectrum of DMPO-'0H.

*160- + HY0 — *150H + *17OH (5)

According to this mechanism and the purity of HYO used in this
study, the ratio of the numbers of <I’OH and *!®0OH generated by
water sonolysis should be 1.0—1.2, a value that would be consistent
with the ratio determined experimentally.

We did not detect the DMPO-H-related signal attributable to the
trapping of the hydrogen radicals by DMPO during the sonolysis of
water under aerobic conditions. Under the conditions used in this
study, had hydrogen radicals been generated, a signal attributable
to DMPO-H should have been detected, in spite of the short lifetime
of DMPO-H. The reaction rate constant of hydrogen radicals with
respect to oxygen molecules at around 298 K is approximately
100 M~ s~ [26—29], while that with respect to DMPO at around
298 K is approximately 10° M~'s~! [30—32]. In this study, 100 mM
of DMPO was dissolved in water; this amount is approximately
5 x 10? times higher than the concentration of the oxygen dis-
solved in water (approximately 200 pM). Thus, the hydrogen rad-
icals generated probably reacted with DMPO more quickly than
they did with the oxygen molecules. Given the difference in the
reaction rates, that fact that no signal attributable to DMPO-H was
detected can be interpreted as the two meanings as follows.

1) Hydrogen radicals are not generated during the ultrasound
irradiation of water under aerobic conditions, as suggested by
Reactions (4) and (5).

2) Hydrogen radicals are generated and are rapidly scavenged by
the oxygen molecules present in the gas bubbles when water is
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Fig. 4. ESR spectra of the spin adducts formed during the sonolysis of HYO for 30 s in
an argon atmosphere in the presence of 100 mM DMPO. (a) Experimental spectrum,
(b) simulated spectra of DMPO-H, (c) simulated spectrum of DMPO-'OH, (d) simulated
spectrum of DMPO-'®0H, and (e) simulated spectrum of the DMPO-trapping carbon-
centered radical.
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subjected to ultrasound irradiation under aerobic conditions
[19,35].

If hydrogen radicals are generated by the thermal dissociation of
water as the mechanism 2), then OH radicals are also generated
from water. Further, an equivalent amount of '®0H radicals can be
generated by the following reaction:

HYO — *70H + *H (6)
*H + 16150, — +1%0- - -10H @)

The oxygen biradical generated in Reaction (7) can react with a
water molecule as shown in Reaction (3). Even in this case, the ratio
of the number of 7OH radicals to that of the '°0H radicals would be
around 1, as observed in the experimental results described above.

Alternatively, there was a possibility that hydrogen radicals
cannot be effectively trapped by DMPO in HYO. In the previous
work, the ESR signal due to DMPO-H was not observed in the
sonolysis of HYO in the presence of argon gas [17], though the
signal was observed in the sonolysis of H}*0. However, we detected
the generation of hydrogen radicals during the sonolysis of argon-
containing HY 0. As shown in Fig. 4, distinct ESR signals related to
DMPO-H, DMPO-'70H, and DMPO-80H, which are attributable to
the generation of hydrogen, "7OH, and '®0OH radicals, respectively,
were observed. Further, a low-intensity signal related to DMPO-C,
which is attributable to the generation of ®0OH radicals and
carbon-centered radicals, was also observed. The generation of
hydrogen, hydroxyl, and carbon-centered radicals was also
observed during the sonolysis of HX0 (data not shown). This result
indicated that the isotopic substitution of the oxygen atom in the
water molecule does not affect the dissociation of water molecules
under ultrasound irradiation as depicted by Reaction (1), and not
affect the ability of DMPO for trapping hydrogen radicals. No
detection of the ESR signal due to DMPO-H is probably due to the
difference in the frequency of the ultrasound waves used or/and the
purity of HYO also probably affect the amount of hydrogen radicals
generated during ultrasound irradiation.

According to Reaction (1), the hydrogen and hydroxyl radicals
would be generated in equal amounts. The rate constant for the
reaction of DMPO with hydrogen radicals is almost equal to that for
the reaction of DMPO with hydroxyl radical; however, the life time
of DMPO-H is shorter than that of DMPO-OH. Therefore, the in-
tensity of the DMPO-H signal was expected to be equivalent to or
smaller than that of the DMPO-'7OH signal. However, the intensity
of the DMPO-H signal was approximately three times higher than
that of the DMPO-7OH signal, which was also observed during the
sonolysis of H}%0 [18]. When sonolysis is performed in the presence
of argon gas, the local temperature can be as high as approximately
1700 K; this is higher that the temperature for the case when
sonolysis is performed in the presence of oxygen and nitrogen
gases [33]. From combustion chemistry, it is known that the hy-
droxyl radical dissociates into the hydrogen radical and the oxygen
biradical at such high temperatures, as follows [34]:

*OH — *O* + *H (8)
This dissociation reaction is probably what causes the amount of

hydrogen radicals to be higher than the amount of hydroxyl
radicals.

4. Conclusions

In this study, we performed the sonolysis of 7O-labelled air-
containing water and measured the ESR spectra of the spin

adducts attributable to the hydroxyl and hydroxyl radicals, which
are expected to be generated during the dissociation of the water
molecule. Based on the fact that an ESR signal attributable to "OH
radicals was observed, we concluded that hydroxyl radicals are
generated by the dissociation of water molecules during ultrasound
irradiation under aerobic conditions. The dissociation of the water
molecule under anaerobic conditions had been reported previously,
wherein hydroxyl and hydrogen radicals were detected. However,
we did not detect an ESR signal attributable to hydrogen radicals
under aerobic conditions. Thus, the hydroxyl radical is probably
generated via a reaction of the water molecule with the oxygen
biradical (Reaction (5)), as proposed previously, or/and because of
the thermal dissociation of the water molecule (Reaction (6)).
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