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1. INTRODUCTION

It is net very often that the opportunity arises for a chemist to move
into a brand new field of research. An increasing number of scientists
however are now becosing interested in just such a new field -
sonochesistry - used to describe the effect of ultrasonic sound waves
on cheaical reactivity, The drambatks to most new scientific
developmente are that they require expensive or specialised apparatus
and a considerable degree of expertise in a particular field of study,
Bhat sakes research in sonochemistry so appealing is that it is quite
inexpensive to get started and power ultrasound has found applications
over the whole range of chemistry.

For papy years ultrasound has found a wide variety of uses in
engineering, science and medicine but its applications to chepistry
have only recentl)y tobe to the fore {1). Several reviews on the
chenical applications of ultrasound have been published recently
[2,3,41.

2. THE CHEMICAL EFFECTS OF POMER ULTRASOUND

Cheasical transformations can be produced by ultrasonic irradiation
provided that the intensity ie high enough to preduce cavitstion
within the oedium through which it passes, consequently the medium
nust have @ liguid component. Generally the frequency range esplpyed
to induce such reactions lies between 20 to 100kH: i.e, the range
norsally eoployed for clieaning and plastic welding.

The violent collapse of ultraseonically induced cavitation bubbles
occurs with the release of large amounts of energy in the iosediate
vicinity of these microbubbles. It has been estimated that
temperatures of up tp several thousand Kelvin and pressures of several
hundred atmospheres are produced during this collapse. The mechanical
and chemical effects of the collapsing bubble will be felt in three
distinct regions f{a} within the bubble jteelf which can be theught of
#% & high pressure and temperature microreactor (b) in the ligquid
region imsediately adjatent to the bubble where the temperatures are
not so great and (c) in the iamediate vicinity of the bubble where the
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shockwave produced on collapse will create enormous shear forces.
These effects can be zumparised in terns of three different reaction
types.

2.1 Hooogeneous Reactions,

The microbubble (or cavitation bubble) formed in the rarefaction cycle
does not enclose a vacuum - it contains vapour from the solvent or any
volatile reagent present so that, on tollapse, these vapours are
subjected to the enormous increases in both temperature and pressure
referred to above. Under such extremes the solvent and/pr reagent
suffers fragmentation to generate reactive species of the radical or
carbene type. Thus if water is sonicated then the extrenme conditions
{generated on collapse of the ravitation bubbles are sufficient to
I cause rupture of the 0-H bond itself with the formation of radical
species and the subsequent production of oxygen gas and hydrogen
peroxide {Scheme 1) [5].

Hal  memmmmemee > He + <OH

H ¢ D -===cme-e- > HOa-

HOa+ + HBg+ ---------- > Ha02 + 02

HO- & -QH  ~---mmomme ¥ HalBla ieeosa Scheme §

Any species dissolved in the water is clearly going to be subject to
chemical reaction with these ultrasonically produces radicals and/or
hydrogen peroxide, thus if iodide ion is present in solution elemental
iodine will be liberated.

The shock wave produced on bubble cellapse, can disrupt solvent
structure and this can influence reactivity by altering solvation of
the reactive species present. An exasple of this is to be found in the
ultrasonically assisted reaction of 2-chloro=-2-nethylpropane in
squeous alcoholic media {Scheme 2) where sonochemical rate
enhancements of up to 20 fold have been reported [4), The sonochemical
effect increases with an increase in ethanol content pf the solvent
and this is congistent with the destruction of soivent structure
(whith aleg intreases with ethanol content).

{CH3}aC-C1 fe=e=) (CH3laCL* + C1- ----> CHal3C-DH + HC1 .., Schene 2

As with many sonochemical studies the effect of irradiation in this
solvolysis decreases as the reaction temperature is incressed. This
general observation is related to a decrease in the energy of
cavitational collapse as the solvent vapour pressure is raised. In
sisple terns the pore vapour which enters the cavitation bubble the
oore of a cushion it will provide against violent collapse.

2.2 Hetercgeneous Reactions Involving a Solid/Liquid Interface,

There are two types of reaction involving solid/liguid interfares (i)
in which the solid is a reagent and is consuned in the protess and
{ii} in which the solid - often a metal - functions as & catalyst.
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2.2.1 Solid as Reagent. A classlc uee of ultrasdund is in the
initiation and enhancenent of organometallic reactions. One such
example is the preparation of a Grignard Reagent - an organosagnesiun
halide {(Scheme 3). A long-ctanding problem asseciated with Brignard
reagent synthesis is that im order to facilitate reaction between the
organic halide and the metal in an ether solvent all of the reagents
must be dry and the surface of the magnesium sust be clean and oxide
free. Such conditions are difficult to achieve and so many methods of
initiating the reaction have been developéd most of which rely on
adding activeting cheamicals to the reaction mixture. The modern nethod
of initiating the reaction is by sonication which avoids the need for
the addition of chemical activators. Even in damp, technical grade
ether ultrasonic irradiation tan initiate the reaction in under 4
miputes whereas with conventional methodology initiation required
several hours [7), This is potentially of great economic importance to
industry indicating that in some situstions sonication B3y resove the
need to esploy super-pure chesmicals,

CHa-CH3 CH{Br)-CHy + Mg ----- » CH3-CHa2_CH(MgBr)-CHy ...... Schene 3

When examined by electron nicroscopy surfaces of metals which have
been subjected to ultrasonic irradiation reveal *pitting” loboking not
unlike craters on the moon [8). This pitting serves both to expose new
turface to the reagents and to increase the effective area available
for reaction. The pitting is the result of two processes: {i} the
ioplosion of cavitation bubbles farmed from gases or iepurities on the
surface of the netal and {ii) the generation of a jet of solvent which
inpinges on the surface when a cavitation bubble ctollapses close to
it. If the metal reagent is _in the form of a powder then spnication
can cause particle rupture with a consequent decrease in particle size
and increase in surface area available for reaction.

MOy Nos
@-I —L+ @—50) ves.a. Schene 4
Ny

Evidence that a combination of surface tleaning and an increace in
surface area cannot fully explain the extent of the sonochesically
enhanced reactivity is provided by the Ullmann coupling reaction. The
reaction of 2-iodonitrobenzene to give a dinitrobiphenyl using
conventional methodology requires heating for 4Bh and the use of a 10
fold excess of copper pomder (Scheme 4). The uce of pover ultrazsound
atfords a similar (80%) vield in a much shorter time €1.%h) using only
a four fold excees of copper [9). During these studies it was obcerved
that the average particle size of the copper fell from 87um to 25um
but this increase in surface area was shown to be insuéficient to
explain the large {50 fold} enhancement in reactivity produced by
ultrasonic irradiation.
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2.2.2 Catalytic Reactions. One of the more familiar catalytic
reactions is the addition of hydrogen to an unsaturated compound -
hydrogenation. It has been found possible, for exampie, to prompte
hydrogenation via the decomposition of hydrazine using
palladium-pon-charcoal and low power ultraspund (10). Results obtained
under sonitation at room temperature for the total hydrogenation of
diphenylacetylene (2Zh} (Scheme 5} appear to be almost as gpod as those
obtained under traditional reflux conditions and are substantially
better than obtained siaply by stirring at 25°C {&h!},

Ph-C=C-Ph ===={NaHa/Pd}----» Ph-CH3-CHa-Ph ...... Scheme 5

2.3 Heterogenepus Reactions Involving Liquid/Liquid Interfaces.

In squeons/organic mixtures it is only in the interfacial region where
a reaction between reagents dissolved in different phases can occcur.
In such situstions the synthetic chemist will normally use a phase
transfer catalyst (PTC) to transfer a reagent from one phase to
another. There are however two drambacks to the use of phase transfer
catalysts {i) the PTC itself is qenerally expensive and {ii} a2 PTC is
potentially dangerous in that it can, by its very nature, catalyse the
trancfer of chemicals into human tissue., This has led to the use of
ultrasound to enhance the activity of or even replace coopletely the
use of a PTC berause sonication qenerates extresely fine emulsions
which result in very large interfacial contact areas between the
liquids and a correspanding dramatic increase in the reactivity
between species dissolved in the separate liquids. An additional
feature of conication is that the sonicated emulsion is continuously
subject to mechanical vibration - enhancing any transfer between
phases. A good example of this type of application is to be found in
the hydrolysis of copmercially ioportant oils, fate and waxes {(Scheme
&) [11). Under sonochemical conditions the hydrolyces can be carried
out at lower temperatures leading to cleaner products,

Efcoa oW o
QLR ————y Loy +3IRC?
0COoOR oH R Now T Scheme &

3. CONCLUSION

A tynthetic chemist might therefore expect to use ultrasound for a
renge of applications and perhaps achieve one or more of a nuaber of
the beneficial effects below:

1. to actelerate & reaction or perpit vee of less forcing conditions
2. to enhance catalyst eféiciency

3. to make use of cruder reagents

4. to initiate reaction or reduce any induction period involved.
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