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The formation of hydrated electrons in neutral agueous ultrasound-exposed solutions has been postulated
previously, and several arguments were presented in favor and against their existence. In this work we use
a sensitive method for detecting the presence of hydrated electrons in argon-saturated water exposed to 50
kHz ultrasound. This method is based on the fact that hydrated electrons, but not hydrogen atoms, can be
scavenged by Cd to prevent their reaction with the nitrone spin tk§4-pyridyl-1-oxide)N-tert-butylnitrone

(POBN) to form the EPR-detectable adduct POBN/No detectable yield of hydrated electrons in argon-
saturated aqueous solutions at neutral pH was found. These results are evidence against the formation of
hydrated electrons as reactive intermediates in the sonochemistry of neutral aqueous solutions.

Introduction formation from chloroacetat¥;2! this reaction was used in
. . . radiation chemistry as evidence for the presence of hydrated
In the 1950s .the radiation chemlstry.of water was explained gjactrons. However, during sonolysis chloride ions may be
by the free radicalsH and*OH and their molecular products  ¢4med from chloroacetate by direct pyrolysis rather than by
H, and HO,! The existence of the hydrated electron on e reaction with hydrated electroffs Gutierrez, Henglein, and
theoretical grounds was suggested by Platzin&ixperimental  pohrmann concluded that hydrated electrons are not formed in
studies of the chloroacetdtend hydrogerroxygen-hydrogen 6 onolysis of water at neutral pH, based on the absence of

peroxidé systems provided e_vidence for a second reducing .q|i0idal thallium formation in the presence of Ths @;
radical. Final proof of the existence of the hydrated electron g-qyenger (1 + g — T19).22

was obtained when it was shown that this reducing species | enqint and co-workers suggested that the origin of cavitation
possessed unit negative chargmd has an intense optical chemistry could be corona-like discharges caused by a bubble
absorption bané’ fragmentation proce€3. However, their experimental evidence,
The similarities between aqueous sonochemistry and radiationpased on the existence of a sharp minimum in the MgCI
chemistry were explored by a number of investigators starting concentration-dependent yields ef produced in the Weissler
in the early 19508:19 Formation ofH atoms andOH radicals reaction, could not be reproduced by Guiz et aPk4
and their products has been observed in the sonochemistry of Recently, Margulis concluded that the problem of formation
aqueous solutions:'? Sonochemistry is due to cavitation, of hydrated electrons as primary products of water decomposi-
which involves the formation, growth, and collapse of gas tion by ultrasound has not been solved, and additional research
microbubbleg 15 is needed® New support for the electrical origin (“sparklike
Historically, two different theories have been advanced to process”) of sonoluminescence in single oscillating bubbles was
explain sonochemistry and sonoluminescence (the weak lightpresented by Lepoint-Mullie et &. Using the confined electron
emitted during cavitation): the thermal (“hot spdf)and model of single-bubble sonoluminesceR&dernstein et al.
electrical dischardé!® theories. In the thermal theory the concluded that continuum sonoluminescence can be attributed
adiabatic heating produced by the collapse of cavitation bubblesto transitions of electrons produced by high-temperature ioniza-
results in thermal dissociation of water molecules to yteld tion and confined to voids in the dense fluid formed during the
atoms andOH radicals. The electric discharge theory was latter stages of cavitational collap&e.
proposed by Marguli§ based on an earlier model of FrenKel. In the current work the possible formation ofge in the
The Margulis theory considers a double layer adjacent to the sonolysis of neutral aqueous solutions was investigated using
neck that results from the separation of fragmentation bubbles Cc?* as an g; scavenger. The formation ofg was evaluated
from a deformed cavitation bubble pulsating in the acoustic from the decrease in the yield of deuterium adducts of POBN
field.® The physical treatment of the charge separation leading in D,O. The sensitivity of this method of detection ofeis
to the electric discharge proposed by Margulis has been estimated to be about an order of magnitude greater than the
criticized recently by Lepoint-Mullie et al? and the difficulties thallium method used by Gltiez et al2? in part because of
associated with the electrical discharge hypothesis of sonochemthe more favorable ratio oke,cd/ki+ct > 1.8 x 1P
istry were reviewed extensively by Suslick et@l. compared withke, - /Kt = 4.9 x 102,28
The electric discharge model suggests the formation of

hydrated electron$ Margulis was able to demonstrate chloride Material and Methods

Chemicals. o-(4-Pyridyl-1-oxide)N-tert-butylnitrone (POBN)
*To whom correspondence should be addressed at the NIH, NCI, was acquired from Sigma (St. Louis, ,MO); ‘?'e“te”“m oxide
Building 10, Room B3-B69, Bethesda, MD 20892-1002. Fax (301) 480- (D20, 99.9% atom D) was from Aldrich (Milwaukee, WI).
2238, Phone (301) 496-4036, E-mail sono@helix.nih.gov. Cadmium sulfate (3CdSEBH,0O, ACS grade) was obtained

TVM is a Fogarty Visiting Fellow on leave from the Institute of from Fisher Scientific Co. (Fairlawn, NJ)
Experimental Pharmacology, Slovak Academy of Sciences, Bratislava, icke dosi | L ’ d d ibed: 27
Slovak Republic. Fricke dosimeter solution was prepared as described: 278
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U . GHs The formation of hydrated electrons frobh atoms in alkaline
'o_@_@i_?_c‘h *H - 0= —N—(—CH, solutions is well-knowr:
Cl H ‘0 CH;
POBN . R _
I POBNTH H+OH —=H,0+e, ©)
i

and the K, value of this equilibrium is 9.8. Using the formation
H 1t of metallic thallium from Tt, Guttiarez et al. have demon-
04 ) '=N*_?_CH3 + ergg — |0 )N strated the formation of hydrated electrons in the sonolysis of

\ & bu, \ ‘0 CHy aqueous solutions at pkt 12.722 To avoid a significant
Figure 1. Reactions of POBN spin trap with hydrated electrons and Contribution of this pathway in the formation of hydrated
hydrogen atoms. electrons, the current spin trapping experiments were performed
at neutral pH.

town, NJ) and 60 mg of sodium chloride were dissolvedin 1L~ Cadmium (Cé") is one of the most efficient scavengers of
of 0.8 N sulfuric acid. Deuterated Fricke solution was prepared hydrated electrons:
using 0.8 N BSO, (Aldrich, 98% atom D) in RO. To
determine the combined sonolytical yields©H, °H, and HO., Ck" +e, —Cd (4)
Fricke solutions were sonicated under argon, and the optical
density at 302 nm (the maximum of Feabsorption) was  and has also been used to study the yield of dry electrons, which
measured. For radiation chemistry in oxygen-free solutions the are the precursors obg, by pulse radiolysigt
measured yield of ferric ions is related to the initial yield of If Cd* were formed in our system, it would be recycled back
reactive intermediates{(Fe*") = 2Gy,0, + Ge,, + GH + Gon to Ccp+:32
+ 3Gho, WhereG is the number of molecules formed per 100

— H Hs

eV of energy absorbedf,and hence the ferric yield is also a cd" + ‘OH— cdt + OH™ (5)
useful dosimeter for sonochemistry in aqueous solutions.
However, it should be noted that no absolute dosimetry can be cdt + H,0, — cdt + ‘OH+ OH (6)

defined for sonochemistry because the sonochemical yields not
only depend on the total energy deposited in the system but arr react with another Ctlto yield Cd+ and metallic cadmium:
also critically dependent on the heterogeneous cavitation nucleis,
in the solution under investigation.

Sonolysis Experiments. An 0.8 mL aliquot of DO contain- . 2+ +
ing the spin trap POBN was added to a Pyrex test tube, which Cd" + Cd" Cd, Cd+ Cdf (7)
was fixed in the center of a sonication bath (Bransonic 1200)
with a frequency of 50 kHz. The temperature of the coupling
water was 20C. The sample was sealed with a rubber septum
and bubbled with argon through a Teflon tube attached to a 3
fine needle (the argon flow rate was 50 mL/min) for 5 min &g T POBN— POBN/H (8)
before sonication and during sonication. After sonication the
EPR spectrum of the sample was measured. After eachcan be completely suppressed, while the yield of the reaction
experiment the pH in the samples was measured and was foundf *H with POBN will not be changed, because of the relative
within a range 6.8t 0.2 in all experiments. rates of C&" and POBN reactions with.g are approximately

EPR Measurements. Immediately after sonication the €qual while POBN reacts 10* times faster withtH than Cd*
samples were transferred to EPR quartz flat cells, and the (krosnin = 3 x 10° M™1 57133 kpopnte,, = 3.1 x 1010 M ™!
acquisition of the spectrum was started typically within 1 min S %>° Ko +e,. = 5.4 x 1000 M7t 57128 kepriy < 3 x 10°
after the end of sonication. A Varian E-9 X-band spectrometer M™* s7* 28). The reaction
with 100 kHz modulation frequency and a microwave power
of 20 mW was used to record the spectra. The EPR software 6y tH —'H (k=23x10"M*'sH?® (9
EPRDAP, written by Dr. Kuppusamy (U.S. EPR, Inc., Clarks-
ville, MD), was used for acquisition, analysis, and simulation could not contribute significantly at neutral pH due to the high

At suitably selected concentrations of &cand POBN, the
reaction

of EPR data. rates and high concentrations of the competing processes for
€.g removal (reactions of.g” with POBN and with Cd&").
Results and Discussion Figure 2 shows the EPR spectra obtained by sonolysis of

. . . i . argon-saturated solutions o8 and DO, containing 2 mM
Nitrone spin traps are par_tlcularly suitable for detection of popN. The comparison of the experimental spectra (Figure
hydrated electrons. The spin trap POBN has been shown 05 A and B) with the computer-simulated spectra of POBN/

react with @q~ with a rate constant of 3.k 101 M~ s and POBND adducts (Figure 2, C and D) reveals that the

(Figure 1) dominant adducts in $# and O were POBNH and POBN/
*D, respectively. However, small yields of POBN/adducts
€4 T POBN—POBN" = POBN/H (1) were detected in ED solutions (Figure 2B, first peak of the

POBN/H spectrum is labeled with an arrow). This artifactual
Hence, the EPR detectable adduct gf eat neutral pH is production of'H atoms by pyrolysis of the spin trap has been

POBN/H, identical to the POBNH adduct formed by a direct ~ described previouskr*and was the reason for performing all
reaction of POBN withtH (Figure 1): experiments in PO, where the measured POBD/ yields

originate entirely from the sonolysis of;D and can be easily
separated from the artifactual POBN/signal. In addition,
POBN+ ‘H— POBN/H (2) small yields of POBN adducts of carbon-centered radicals
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Figure 2. EPR spectra of spin adducts produced by 50 kHz sonolysis
of neutral argon-saturated,@ (A) and DO (B) in the presence of 2
mM POBN. Computer simulations of POBN/(C) and POBND (D)
adducts obtained using the following splitting constardg:= 16.20

G, 2a4 = 10.28 G (POBNH); ay = 16.20 G,ay = 10.28 G,ap =

1.58 G (POBND). The presence of the artifactual POBHIkignal in

D,O is marked by an arrow in spectrum B. (Only the first peak is
labeled.) The “c” labels show the positions of the first two peaks of
the carbon-centered radical adducts formed by pyrolysis of POBN.
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Figure 3. Effect of CdSQ (closed symbols) and MgSQO(open
symbols) concentration on the yields of POENAdducts (A) and on
the ferric yield in argon-saturated Fricke dosimeter solution (B) in
argon-saturated aqueous solutions exposed to 50 kHz ultrasound.

produced by pyrolysis of the spin trap were detected in both
H,0 and DO (Figure 2, A and B; first two peaks are labeled
“c”), 3435

The effect of CdS@® and MgSQ (MgSO, was used as a
control, since it does not react with,® or *H (*D) at an
appreciable rate but mimics the potential effect of ionic strength
on the reaction rates) on the sonochemical yield®®addducts
of POBN is shown in Figure 3. If hydrated electrons were
formed by sonolysis, a decrease of POHENlield with
increasing concentration of €dwould be expected. However,
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the yields of POBND yields were unaltered up to ap-
proximately 0.1 M C@&" (Figure 3A), and a similar trend was
also observed for M which served as an ionic strength
control. At 0.1 M Cd* 98.8% of @ would be scavenged by
C?" in the presence of 2 mM POBN. Hence, allowing for a
10% error margin in our measurements, thg &ield would
have to be less than10% of the totalH yield, i.e. less than
0.036uM e, /min would be produced in our system. Since
C®" has been shown to be a scavenger of dry electrons, our
data also show that no detectable yields of dry electrons were
formed by ultrasound. The hypothesis of Bernstein and co-
workerg” of electrons produced by high-temperature ionization
and confined to voids in the dense fluid formed during latter
stages of cavitational collapse to explain the weak continuum
background in sonoluminescence spectra may not be affected
by these results, because the emission may be occurring in the
gas phase of the bubble, where the charge# @&inot likely
to be present.

As discussed above, the yields of POBNWwere independent
of C#" up to 0.1 M of CdSQ, followed by an increase and
reaching a maximum at approximately 0.5 M CdS@fter
which the POBND yields decreased sharply below the control
level (Figure 3A). An identical trend was also observed for
MgSQs. The decrease of POBI yields at high (above 1 M)
concentrations was expected because of the dampening effect
of increasing viscosity on cavitatidd. A similar effect of
magnesium chloride on the Weissler reaction was also observed
by Gutiarez et ak* However, an unexpected feature that was
observed in both CdSnd MgSQ solutions was the increase
of POBN/D yields between 0.1 and 0.5 M for both of these
solutes (Figure 3A). One possible explanation would be that
the observed increase was due to the effect of the ionic strength
on the reaction rates ob with POBN. This possibility was
excluded by studying the effect of the concentration of these
solutes on the yields of the Fricke dosimeter (Figure 3B), which
followed the same trend as the POBD¥ields. Although any
observed changes at CdS€bncentrations higher than 0.1 M
have no relevance for the discussion of the possibility of the
existence of hydrated electrons, they still represent an interesting
observation which may be a subject of further studies. The
possible effects of these high salt concentrations on the sound
velocity, surface tension, water vapor pressure (and hence the
effective ratio of the specific heats, in the interior of the
bubbles), and the solubility of argon should be considered.

Conclusions

Our data show that no detectable yields of hydrated electrons
(or less than the detection limit of approximately Ou/M/min)
are formed in neutral argon-saturated aqueous solutions exposed
to 50 kHz ultrasound, thus arguing against the importance of
this species as the reactive intermediate in the sonochemistry
of neutral aqueous solutions. It would be of interest to ascertain
the validity of the present conclusions for the repetitive collapse
of a single oscillating sonoluminescent bubble.
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