
Subscriber access provided by ISTANBUL TEKNIK UNIV

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Communication

A Chemical Sensor That Can Detect the Frequency of Ultrasound
Joe Z. Sostaric

J. Am. Chem. Soc., 2008, 130 (11), 3248-3249 • DOI: 10.1021/ja077311v

Downloaded from http://pubs.acs.org on February 8, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 1 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/ja077311v


A Chemical Sensor That Can Detect the Frequency of Ultrasound
Joe Z. Sostaric†

Radiation Biology Branch, National Cancer Institute, National Institutes of Health, Bethesda, Maryland 20892

Received September 21, 2007; E-mail: sostaric.2@osu.edu

Sensors and sensory systems come in various forms. Classical
examples are rhodamine dyes1 and the Fricke and terephthalate2

dosimeters. Temperature measurements with fluorescent dyes and
proteins3 and detection of humidity, gases, and solution pH/ions
as well as biosensing with polymeric materials4 have been described,
while synthetic receptors5 and nanoparticles6 have potential appli-
cations in chemo- and biosensing. In this study a physicochemical-
based sensory system that can detect ultrasound frequency is
described.

Exposure of water to ultrasound forms cavitation bubbles7 that
collapse almost adiabatically resulting in high temperatures8 at
which water dissociates into•H and•OH radicals.9 Unlike photolysis
and radiolysis, where radiation energy is converted into predictable
chemical yields, sonochemical yields depend not only on the
ultrasound energy but also on any parameter that affects acoustic
cavitation, e.g., ultrasound frequency, geometry of the exposure
system, viscosity, and ambient pressure.10 Consequently, no uni-
versally applicable relationship exists between the chemistry
associated with multibubble cavitation and any physical charac-
teristic of the ultrasonic wave. Herein is described a quantitative
relationship between ultrasound frequency and chemical yields
during sonolysis of aqueous surfactant solutions.

Compared to hydrophilic solutes, surfactants preferentially adsorb
at the interface of cavitation bubbles,11 and it has been shown that
adsorption ofn-alkyl sulfate or sulfonate surfactants is limited by
their kinetic adsorption properties.12 This effect can be observed
by detecting-•CH- radical yields following sonolysis, which cor-
relate to the amount of surfactant adsorbed at the gas/solution inter-
face of cavitation bubbles.12 As the bulk concentration of surfactant
is increased, a maximum plateau in the-•CH- yield is attained
that is greater in magnitude following sonolysis (354 kHz) of
aqueous sodium pentane sulfonate (SPSo) solutions than that for
sodium dodecyl sulfate (SDS) solutions.13 This result is consistent
with dynamic surface tension studies which have shown that
although a surfactant with a relatively smalln-alkyl chain length
possesses a lower thermodynamic tendency to adsorb at the gas/
solution interface, its rate of adsorption is faster.14 Interestingly,
when the ultrasound frequency was increased from 354 kHz to 1
MHz, both SPSo and SDS adsorbed to the bubble surface to similar
limiting -•CH- radical yields (i.e., CHSPSo/CHSDS) 1), indicating
frequency dependence.13 Comparing two similar sonochemical reac-
tions in this way is useful in that the effect of a limited number of
variables is investigated,13,15 in the example above, the relative
ability of two surfactants to adsorb at the interface of cavitation
bubbles.

Aqueous solutions (1 mL) of either SDS or sodium butane
sulfonate (SBSo) were exposed to ultrasound, and the effect of
ultrasound frequency in the range 40.1 kHz to 1057 kHz on the
CHSBSo/CHSDS ratio was investigated. The total-•CH- yield
(CHTOT) was detected using spin trapping with 3,5-dibromo-4-
nitrosobenzenesulfonic acid-d2 (DBNBS-d2; 2.7 mM) and electron

spin resonance (EPR) spectroscopy (see Supporting Information).
As described in detail elsewhere,13 1 mL of aqueous SDS (Fluka,
g99%) or SBSo (Fluka,g99%) solution was transferred into a
glass exposure tube and reproducibly clamped into a 300 mL water
bath (20°C) in contact with flat plate transducers (ELAC-Nautik,
GmbH) that were geometrically equivalent and operated at frequen-
cies of 40.1, 354, 614, 821, and 1057 kHz. Power input to the
transducers was 60 W. Sonolysis times were 3 min at all frequencies
except 1057 kHz (5 min) and were chosen in a region where CHTOT

had a linear dependence on sonolysis time. Prior to sonolysis, the
1 mL samples were bubbled with argon (5 min) to avoid the
formation of organic peroxyl radicals that cannot be spin trapped
by DBNBS-d2.

The maximum plateau yield of CHTOT for aqueous SBSo
solutions occurred between 5 and 10 mM (Figure 1, open circles).
An accurate value for CHTOT at the plateau was obtained by sonoly-
sis of aqueous SBSo solutions at 20 mM (a plateau concentration)
a total of 8 times (Figure 1, filled circle; mean( SD).

Previous studies showed that the CHTOT plateau arises at bulk
SDS concentrations of 0.5 to 1 mM at ultrasound frequencies in
the 42 to 1057 kHz range.12,13,16At 354 kHz, this is represented by
the dashed line in Figure 1. Similarly to the SBSo experiment
described above, CHTOT at the plateau concentrations was also
determined following sonolysis (354 kHz) of 8 separate SDS (2
mM) solutions (Figure 1, filled square; mean( SD). CHTOT for
SBSo was divided by that of SDS to give the CHSBSo/CHSDS ratio
for 354 kHz sonolysis (see Figure 1).

Solutions of SBSo (20 mM) or SDS (2 mM) were sonicated,
and the CHSBSo/CHSDSratio was determined in this way as a function
of ultrasound frequency, as shown in Figure 2. To understand the
linear relationship between the CHSBSo/CHSDSratio and ultrasound
frequency, sonochemically active bubbles need to be described and
the surfactant adsorption process considered. Sonochemically active
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Figure 1. Determination of the CHSBSo/CHSDSratio from CHTOT observed
at plateau surfactant concentrations.
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bubbles are either stable or transient in nature. Leighton defined
sonochemically active, stable bubbles as high-energy stable (HES)
bubbles.17

HES bubbles oscillate about an equilibrium radius (R0; Figure
3) and eventually grow in size over hundreds of acoustic cycles to
a radius (Rr) where they can oscillate in resonance with the applied
ultrasonic field. This is followed by rapid growth during a
rarefaction half-cycle to a maximum size (Rmax) at which the bubble
collapses to form a hot spot. Since transient bubbles exist for only
a few acoustic cycles (i.e., 3 to 60µs at 42 to 1057 kHz), there is
little time for surfactants to adsorb at the gas/solution interface of
these bubbles during the growth and collapse phases.13 A similar
situation arises for HES bubbles during rapid growth fromRr to
Rmax and the collapse phase. However, surfactants can adsorb to
the interface of HES bubbles during the cyclic growth phase (Figure
3). Surfactant adsorption at HES bubble interfaces needs to be
considered in describing Figure 2.

The oscillation rate of HES bubbles increases with increasing
ultrasound frequency. However,Rr and oscillation amplitude
decrease. It has been shown that this results in a reduced rate of
change of interfacial area of HES bubbles at higher ultrasound
frequencies.13 Therefore, the ability of SDS to accumulate at the
gas/solution interface of HES bubbles compared to SBSo increases
at higher frequencies, due to the greater thermodynamic tendency
for SDS to adsorb to the gas/solution interface.13 Although this
discussion is consistent with the decreasing trend in CHSBSo/CHSDS

ratio observed with increasing frequency, it does not explain the
observed linear dependence (Figure 2).

The rate of adsorption of SDS to a newly formed gas/solution
interface is not diffusion controlled at short interfacial lifetimes
but is limited by the presence of an adsorption barrier.18 The origins
of this adsorption barrier probably lie in electrostatic interactions
of ions at the interface and changes in entropy associated with the
exchange of water at the interface with surfactant from the bulk.18

In this region of short interfacial lifetimes and relatively slow
adsorption rates, there is a linear decrease in surface tension as a
function of surface lifetime.18,19

Although an increasing ultrasound frequency (as discussed above)
causes the rate of change of surface area of HES bubbles to
decrease, it can be concluded from Figure 2 and from dynamic
surface tension studies18,19 that it does so in a region where there
is a linear dependence between the amount of SPSo (or SDS)
adsorbed to the interface of HES bubbles (Γ) and the interfacial
lifetime. Therefore, taking a ratio of the amount of surfactant
adsorbed to the bubble interface at a given interfacial lifetime (i.e.,
CHSBSo/CHSDS ≡ ΓSBSo/ΓSDS) will always result in a linear change
in the ratio as a function of frequency. On the basis of this
discussion, the amount of surfactant adsorbed to the interface of
HES bubbles under continuous ultrasound exposure must be far
from that expected under equilibrium adsorption conditions.

It has been shown that CHSBSo/CHSDS is independent of ultra-
sound intensity (therefore the number of bubbles)13 and geometry20

of various exposure systems in the frequency range of 40.1 to 1057
kHz (see Supporting Information for currently known constraints).
The possibility that the calibration curve in Figure 2 is universally
applicable to any ultrasound apparatus requires further investigation,
and like any calibration curve, variations due to solution purity
(therefore the rate of adsorption of surfactants on the surface of
HES bubbles) need also be considered.
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Figure 2. A calibration curve for the CHSBSo/CHSDS ratio as a function of
ultrasound frequency.

Figure 3. Adsorption ofn-alkyl surfactants at the gas/solution interface
of rapidly oscillating, HES cavitation bubbles is a nonequilibrium process.

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 130, NO. 11, 2008 3249


