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Interparticle Collisions Driven by Ultrasound
STEPHEN J. Doicrycz AND KENNETH S. SUSLICK*
Ultrasound has become an important synthetic tool in liquid-solid chemical reactions,
but the origins of the observed enhancements remained unknown. The effects of highintensity ultrasound on solid-liquid slurries were eamuined.
Trbulent flow and shock
waves produced by acoustic cavitation were found to drive metal particles together at
sufficiently high velocities to induce meltng upon collision. A series of transitionmetal powders were used to probe the maximum temperatures and speeds reached
during such interparticle collisions. Metal particles that were irradiated in hydrocarbon liquids with ultrasound underwent collisions at roughly half the speed of sound
and generated localid effective temperatures between 26000C and 34000C at the
point of impact for particles with an average diameter of --10 pm.
T

HE CHEMICAL EFFECIS OF HIGH-

intensity ultrasound result primarily
from acoustic cavitation: the formation, growth, and implosive collapse of bubbles in liquids (1-5). In heterogeneous, solid-liquid reactions, ultrasound has increased
the reactivity of metal powders by as much
as 100,000-fold (6). Ultrasound has become
an important tool in chemical synthesis involving mixed-phase reactions (1-3, 7-9).
Studies on the effect of ultrasound on metal
powders have shown dramatic changes in
particle morphology, substantial agglomeration of powders, and significant reduction
of passivating surface oxide coatings (6, 1015). Still the origins of the dramatic enhancements observed with heterogeneous
sonochemistry have remained unclear.
Acoustic cavitation in liquids generates
implosive bubble collapse and associated
shock waves. Bubble collapse near an exSchool of Chemical Scicnces, University of Illinois at

Urbana-Champaign, Urbana, IL 61801.
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tended surface can also produce localized,
high-speed jets ofliquid that impinge on the
surface (16-19). Fine powders, however, are
too small to perturb the ultrasonic field. At
20 kHz, for example, simple calculations
indicate that the collapsing bubble will have
a diameter of -150 ,um (1, 19); solid particles smaller than this size cannot cause microjet formation. In the presence of small
particles, however, normal cavitational collapse will still occur.
The shock waves so generated can cause
small partides to collide into one another
with great force, producing interparticle
melting, as illustrated in Fig. 1 for a Zn
powder with an average diameter of 5 p.m.
The two Zn particles, originally separate
spheres, are fused together after impact. The
formation of a neck of Zn metal joining the
two particles can be seen in the scanning
electron micrograph. We believe that this
neck originates from the rapid cooling ofthe
effectively molten collision zone as the colliding partides rebound immediately after
impact.
The Sn [<44 ,um average diameter, mp
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(melting point) 232°C] and Fe (5 ,um average diameter, mp 1535°C) particles were
ultrasonically irradiated for 30 min in decane, which resulted in fusion ofthe different
metal particles (Fig. 2). As in the case of the
Zn particles, a melted neck joins the two
particles. A scanning Auger electron spectroscopy dot map of elemental Sn shows
that the Sn particle and the melted neck area
to be made mainly of Sn, as expected from
the relative melting points of the metals.
In order to determine roughly the maxi-

*

1 gm

Fig. 1. Scanning electron micrograph of 5-pum
average diameter Zn powder. Neck formation
from localized melting is caused by high-velocity
collisions. The metal powders (Mallinckrodt)
were irradiated 30 min at 15°C in freshly distilled
decane (17 ml, -20% by weight) under Ar, with
direct-immersion ultrasonic horn (Heat Systems)
at 20 kHz and 50 W/cm2. The slurry was then
filtered, washed with pentane, and dried under
vacuum at -75°C for 24 hours. Scanning electron
micrographs were taken on a Hitachi S-800 at 20kV accelerating voltage.
HREPORTS
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mum temperatures reached during interparticle collisions, a series of transition metal
powders were irradiated as slurries in decane. Scanning electron micrographs were
then obtained before and after irradiation
(Fig. 3). Cr powder (mp 1857C) before
irradiation consisted of nonaggregated crystalline particles. After 30 min of irradiation,
extensive interparticle fusion occurred,
which resulted in the formation of large
agglomerates. In addition, the original crystallinity of the individual particles had been
reduced by irradiation, and the surface of
the agglomerates showed considerable
smoothing. Similar results also occurred
with Ni powder (mp 1453°C) (6).
Molybdenum (mp 2617°C) also showed
agglomeration and interparticle melting after 30 min of irradiation, but the effect of
the interparticle collisions was noticeably
lessened. The substantial neck formation, as
seen in the Zn and Cr powders, was reduced
in appearance to spot-welds. No change in
surface morphology of the Mo particles
could be observed, even with extended irradiation of 4 hours.
In contrast to Zn, Ni, Cr, and Mo powders, ultrasonic irradiation of W powder
produced no appreciable effects (Fig. 3). No
appreciable agglomeration and no changes
in surface morphology ofthe W were noted,
even with 4 hours of irradiation. Because W
melts at 34100C, we conclude that the peak

effective temperatures reached during interparticle collisions must fall between roughly
2600°C and 3400°C for particles -10 ,umin
diameter. The extreme, but short-lived, conditions created during these interparticle
collisions will also have a high-pressure
component; some plastic deformation below a true melting ofthe collision zone may
also occur.
Interparticle velocities must depend on
particle size; sufficiently large particles will
be only minimally accelerated by the cavitation shock waves. Interparticle collisions still
occur and surface morphology and chemical
reactivity can be affected, but particle agglomeration will not occur; this is the case
for 160-pum diameter Ni (10). Similarly,
solvent viscosity is expected to influence the
nature of interparticle collisions. In sufficiently viscous liquids, the velocity of interparticle collisions will probably be diminished. We have observed similar interparticle
collisions in various synthetically useful liquids, including several alkanes (n-octane
through n-tetradecane), dimethylformamide, and dioxane.

Fig. 2. (Top) Scanning electron micrograph of an
interpartide collision induced by ultrasound between Sn (Alfa Products) and Fe (Cerac) particles. (Bottom) Elemental Sn dot map showing
the Sn partide and melted neck region. Slurries
treated as described in the legend to Fig. 1.
Elemental composition determined by scanning
Auger electron spectroscopy on a Perkin-Elmer
660 spectrometer at 20-kV and 0.46-nA current.

Fig. 3. The effect of ultrasonic irradiation on
particle agglomeration of (top) Cr (3 ,um average
diameter, mp 1857C; Alfa Products), (middle)
Mo (10 ,um average diameter, mp 2617°C; Aldrich), and (bottom) W (10 ,um average diameter, mp 3410°C; Alfa Products) in decane slurries.
The metal powders were irradiated for 30 min in
decane slurries of 2.5% metal v/v, as described in
the legend to Fig. 1. Size bar, 60 ,um.
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Before ultrasound

After ultrasound

We can also estimate the velocity and time
of interparticle impact from these studies. If
we assume that full melting of the neck
region of merged particles occurred during
collision, then the energy ofthe collision can
be calculated from heat capacities and heats
of fusion applied to the volumes of the
interparticle necks determined by scanning
electron micrograph. The energies necessary
to melt 1.0 Im3 of Sn, Zn, Cr, and Fe are
0.012, 0.027, 0.12, and 0.13 ergs, respectively (20). Because the collisions have a
range of interpartide velocities, there is an
observed range of neck sizes in each experiment. Typically, the interparticle neck volumes are between 0.5 and 6 ,um3. The
calculated energy to melt the neck represents
a lower bound of the kinetic energy of
impact and thus is a lower bound estimate of
the impact velocity. Repeating this calculation for Zn-Zn, Cr-Cr, and Fe-Sn interparticle collisions from many micrographs results
in estimates of impact velocities ranging
from 100 m/s to 500 m/s, for particles -10
,um in diameter.
For comparison, the speed of sound in
hydrocarbons is roughly 1100 m/s. By definition, shock waves generated by cavitation
will have velocities greater than the speed of
sound. From thermodynamic models of underwater bomb blasts, one can estimate expected velocities for infinitesmal particles,
based on the shock wave pressure (21).
Measurements from laser-induced cavitation
in water (22) yield shock wave pressures as
large as 300 MPa, which would predict
velocities of 160 m/s for infinitesimal particles, in agreement with our observations for
10-^,m diameter powders.
Finally, we can estimate roughly the time
of cooling of the melted neck formed during
impact. If the colliding particles recoil with a
velocity on the order of 500 m/s (an upper
bound), then a neck with length of 0.5 ,um
would be formed in roughly a nanosecond.
This is a reasonable lower limit estimate of
the cooling time after collision of 10-pm
diameter powders.
The dramatic effects of ultrasound on
heterogeneous liquid-solid chemical reactions have already been well established. We
have quantified the high-energy conditions
created during ultrasonic irradiation ofpowders in liquids. These studies highlight the
importance of high-velocity interparticle
collisions during ultrasonic irradiation of
metal slurries and illustrate the analogy between heterogeneous sonochemistry and tribochemistry or mechanochemistry. Particles
that collide head-on do so with enough
energy to cause localizcd melting at the site
of impact. This reveals hot, reactive metal
surfaces and contributes to the chemical
effects of ultrasound.
SCIENCE, VOL. 247
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Gaussian Free-Energy Dependence of
Electron-Transfer Rates in Iridium Complexes
Lucius S. Fox, MARIusz KoZIK, JAY R. WINKLER, HARRY B. GRAY
The kinetics of photoinduced electron-transfer (ET) reactions have been measured in a
series ofsynthetic donor-acceptor complexes. The electron donors are singlet or triplet
excited iridium(I) dimers (Ir2), and the acceptors are N-alkylpyridinium groups
covalently bound to phosphinite ligands on the Ir2 core. Rate constants for excitedstate ET range from 3.5 x 106 to 1.1 x 1011 per second, and thermal back ET
(pyridinium radical to Ir2+) rates vary from 2.0 x 1010 to 6.7 x 107 per second. The
variation of these rates with driving force is in remarkably good agreement with the
Marcus theory prediction of a Gaussian free-energy dependence.
T

HE PRIMARY CHARGE SEPARATION

in the bacterial photosynthetic reaction center proceeds in less than 5 ps
and is virtually independent of temperature
(1). Subsequent ET steps that increase the
charge-separation distance, and ultimately
lead to photochemical energy storage, are all
faster than energy-wasting charge-recombination events (2). If we are to prepare
synthetic systems that emulate natural photosynthesis, thorough comprehension of all
factors governing ET rates is essential. In
semiclassical ET theory, three parameters
govern the reaction rates: (i) the electronic
coupling between the donor and acceptor
(KE), (ii) the free-energy change for the
reaction (AG'), and (iii) a parameter (X)
related to the extent of inner-shell and solvent nuclear reorganization accompanying
the ET reaction (3). Moreover, when intrinsic ET barriers are small, the dynamics of

nuclear motion can limit ET rates through
the frequency factor VN. These parameters
describe the rate of ET between a donor and
acceptor held at a fixed distance and orientation (Eq. 1),
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+

where R is the gas constant and T is the
absolute temperature.
The surprising prediction of a Gaussian
free-energy dependence for kET has stimulated numerous experimental investigations
(4-11). Early attempts to verify Eq. 1 were
frustrated by diffusion-limited rates at high
driving forces in bimolecular ET reactions.
Our previous examination of the ET
quenching of the triplet excited state of
[Ir2(p.-pz)2(COD)2] (pz = pyrazolyl; COD
= 1,5-cyclooctadiene) by alkylpyridinium
acceptors is a case in point (6). At driving
forces between 0.1 and 0.8 eV, the quenching rate constant increases monotonically.
At higher driving forces, the rates plateau at
10'0M-' s-'. No evidence was found for a
decrease in ET rate at driving forces up to
1.18 eV.
In order to circumvent the bimolecular diffusion limit, we have prepared a set of complexes in which the electron donor and acceptor are covalently coupled into one molecule, [Ir2(,u-pz*)2(CO)2(Ph2PO(CH2)2A+)2]
(pz* = 3,5-dimethylpyrazolyl; Ph = C6H5).
The Ir(I) dimer (1r2) serves as the electron
donor, and the acceptors (A') are N-alkylpyridinium groups bound to phosphinite
ligands (Fig. 1). An x-ray crystal structure
determination of the complex with A' =
pyridinium (py+) reveals a 5.8 A separation
between the closer Ir center and the N atom
of the pyridinium ring (12). In its lowest
singlet ('B) and triplet (3B) excited states, the
Ir2 chromophore is a potent reductant that is
capable of transferring an electron to a covalently attached pyridinium cation (12, 13).
We reported previously that ET quenching of the 'B excited state in two of the
donor-acceptor complexes (A' = pyridin-

Table 1. Photophysical parameters for Ir2-phosphinite complexes (Me, methyl; Et, ethyl). Quantum
yields (4f, singlet quantum yield; +p, triplet quantum yield) taken from spectra measured in acetonitrile
solutions at room temperature with Ru(2,2'-bipyridine)32+ used as a standard; excitation wavelength =
436 nm (25). Singlet quantum yields for the reference complexes are ± 10%; triplet quantum yields are
±30%. Singlet quantum yields for the donor-acceptor complexes are ±30%; triplet quantum yields are
±80%. Singlet lifetime is rf; triplet lifetime is Tp.
Phosphinite

(P Tf

+f

Tpt

Reference complexes

Ph2POCH2CH2-NEt3+
Ph2POCH2CH3
Ph2POCH3
Ph2PO(CH2)3CH3

0.0015
0.0023
0.0027
0.0025

Ph2POCH2CH2Me3PY+

0.00017
0.00006
0.00003

0.032
0.025
0.040
0.030

95*
100*

1.2
1.1
1.2
1.1

lOOt
lOOt

Donor-acceptor complexes
Ph2POCH2CH2-4-Mepy+

Ph2POCH2CH2-py+

L. S. Fox and H. B. Gray, Arthur Amos Noyes Laboratory, California Institute of Technology, Pasadena, CA
91125.
M. Kozik and J. R. Winkler, Departmnent of Chemistry,
Brookhaven National Laboratory, Upton, NY 11973.

X)21
kET = VNKEexp [ [(AGO
](1)
4XRT

0.0013
0.0004

§

0.012

25t
9t

0-144
0.003

4.411

§
tDetennined from time-rcsolved emission

*Determined from transient absorption measurements; ±20%.
measurements; + 10%. tEstimated from quantum yields and the singlet lifetime of [Ir2(pz*)2(CO)2(Ph2POCH2CH3)2]; ± 10%. §Emission too weak to measure. IlEstimated from quantum yields and singlet
lifetime of [Ir2(pz*)2(CO)2(Ph2POCH2CH3)2]; ±30%.
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