
Cavitation-Induced Reactions in
High-Pressure Carbon Dioxide

M. W. A. Kuijpers, D. van Eck, M. F. Kemmere, J. T. F. Keurentjes*

The feasibility of ultrasound-induced in situ radical formation in liquid carbon
dioxide was demonstrated. The required threshold pressure for cavitation could
be exceeded at a relatively low acoustic intensity, as the high vapor pressure
of CO2 counteracts the hydrostatic pressure. With the use of a dynamic bubble
model, the formation of hot spots upon bubble collapse was predicted. Cavi-
tation-induced radical formation was used for the polymerization of methyl
methacrylate in CO2, yielding high-molecular-weight polymers. These results
show that sonochemical reactions can be performed in dense-phase fluids,
which allows the environmentally benign CO2 to replace conventional organic
solvents in many reaction systems.

Sonochemistry comprises all of the chemical
effects that are induced by ultrasound, includ-
ing the formation of radicals and the enhance-
ment of reaction rates at ambient tempera-
tures (1, 2). The chemical effects of ultra-
sound are caused by cavitation: the collapse
of microscopic bubbles in a liquid (3, 4), a
phenomenon that does not occur in boiling
liquids. Cavities are generated when the
“negative” pressure during the rarefaction
phase of the sound wave is sufficiently large
to disrupt the liquid. In water, the implosions
of these cavities generate temperatures up to
5000 K and pressures up to 200 bar, because
of the compression of the gas phase inside the
cavity (5, 6). These conditions lead to the
formation of excited states, bond breakage,
and the generation of radicals. As compared
to the use of initiators or catalysts, cavitation-
induced radical reactions allow for clean and
safe operation, because no separation is re-
quired afterward and the formation of radi-
cals can be controlled externally. On the other
hand, electrical energy is required to generate
cavitation.

Dense-phase fluids (with a strong empha-
sis on CO2) are expected to provide a pow-
erful means for the development of processes
based on green chemistry (7, 8). To generate
sufficient solvent power in dense-phase flu-
ids, high densities and hence high pressures
are required. In ordinary solvents, cavitation
does not occur at elevated pressures (9). As a
result, sonochemical studies have been limit-
ed to atmospheric conditions. The use of
dense-phase fluids in sonochemical reactions
could open up the use of pressure as a process
variable to control solubility during ultra-
sound-induced reactions. As an example, in
polymerizations, high-pressure CO2 will act

as an antisolvent (10) and will precipitate the
polymer, thus enabling a viscosity reduction
that would lead to high conversions.

To initiate the growth of a cavitation bubble,
an acoustic pressure above the so-called Blake
threshold pressure has to be applied (11, 12).
During pressurization of a liquid, the Blake
threshold pressure increases, which implies that
higher acoustic pressures are needed to produce
cavitations. The maximum acoustic pressure
P

A
depends on the intensity provided by the

ultrasonic device (IUS), the density of the li-
quid (�), and the velocity of sound (c)
PA � �2 � p � c � IUS. Because the velocity
of sound is a function of the compressibility of
the medium (13), the attainable acoustic pres-
sure for a given ultrasound intensity is a func-
tion of pressure and temperature. Unlike ordi-
nary liquids, the high vapor pressure of a dense-
phase fluid (which is a gas at ambient condi-
tions) allows cavitation to occur. As a result, the
Blake threshold is reduced, which enables cav-
itation in liquid CO2 at higher pressures. Figure
1 shows the calculated Blake threshold pressure
for CO2 and water at 58.2 bar. At 58.2 bar and
293 K, the Blake threshold pressure of liquid
CO2 equals the threshold pressure in water at 1
bar and 293 K. For water at 58.2 bar, a very
high acoustic pressure is required to create cav-
itation. The threshold pressure in water is de-
termined only by the static pressure and the
surface tension of the liquid, because of its
low vapor pressure. Because the vapor pres-
sure does not change significantly with in-
creasing temperature, the threshold pressure
of water is approximately constant. Because
CO2 condenses at a substantially higher pres-
sure, its vapor pressure has a substantial in-
fluence. Liquid CO2 has a relatively low sur-
face tension � [at 293 K and 57.2 bar, �
equals 3.3 � 10�3 N/m (13)]. This leads to a
contribution of the Laplace pressure (2�/R0)
to the Blake threshold pressure of only
0.0066 bar at a bubble radius R0 of 10�5 m,
whereas the vapor pressure contribution
equals 57.2 bar.

The occurrence of cavitation in high-pres-
sure CO2 has been shown at 75 bar and 283
K, at which CO2 is in the liquid state, al-
though above its critical pressure. It is impor-
tant to stay below the critical point of the
mixture, because above the critical point no
phase boundaries exist, hence prohibiting
cavitation. At an acoustic intensity below the
Blake threshold pressure (25 W/cm2), the
liquid remains transparent (Fig. 2A), whereas
at an ultrasound intensity of 125 W/cm2,
cavitation occurs (Fig. 2B). Assuming a
sound velocity of 800 m/s (13), the measured
threshold intensity of 125 W/cm2 corre-
sponds with an acoustic pressure of 12.5 bar,
which is below the calculated Blake threshold
pressure of 30 bar. Because of the inhomo-
geneous temperature distribution close to the
probe, however, a lower threshold pressure is
expected because the threshold pressure
strongly decreases at higher temperatures.

A dynamic model is required to describe the
motion of the bubble and to calculate the tem-
perature and pressure at bubble collapse (14).
We used the Kyuchi-Yasui model (15, 16),
which is based on the Rayleigh-Plesset equa-
tion combined with mass and energy balances
over the bubble, and we assumed that evapora-
tion and condensation at the bubble wall are in
equilibrium. The variation of the bubble radius
with time is shown in Fig. 3. No bubble forma-
tion or growth occurs in water at elevated pres-
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Fig. 1. Calculated Blake threshold pressure and
vapor pressure for water and CO2 at 58.2 bar.
The Blake threshold pressure is calculated as

PB � P0 � Pv �
4
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This equation assumes that the external pressure
Po, the vapor pressure Pv, the surface tension �,
and the equilibrium radius of the bubble R0 de-
termine the required negative pressure in the
liquid to start the explosive growth of a cavity.
Using Pv,water � 0.023 bar, �water � 72 � 10�3

N/m, Pv,CO2
� 57.2 bar, �CO2

� 3.3 � 10�3

N/m, and Ro � 10�5 m, the Blake threshold
pressure equals 1 bar for water at atmospheric
conditions, so that in CO2 a hydrostatic pres-
sure of 58.2 bar is required for a threshold
pressure of 1 bar.
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sures. The maximum bubble radius before col-
lapse is on the same order of magnitude for
water at atmospheric conditions and in liquid
CO2 at high pressure. The calculated maximum
attainable temperatures are 722 K for water (at

1 bar) and 585 K for liquid CO2 at 58.2 bar.
To show that bubble collapse in liquid CO2

is sufficiently strong to induce radical forma-
tion, measurements were done in CO2-methyl
methacrylate (MMA) systems at high pressure.

Mixing MMA with CO2 will increase the Blake
threshold pressure, so that the system will be-
have more like an ordinary liquid (17). Using
the reaction calorimetry technique during ultra-
sound application as described in our earlier
work (18), we found that the threshold intensity
for CO2-MMA mixtures at 293 K was 23 and
68 W/cm2 for CO2 mole fractions of 0.27 and
0.64, respectively. Although both systems are
near their boiling points, the CO2-MMA system
with a high mole fraction of CO2 requires an
additional argon head pressure to avoid boiling
and to allow for cavitation.

Radical formation has been measured in
CO2-MMA systems using a radical scaven-
ger (Fig. 4A). From these results, a radical
formation rate of 1.5 � 1014 s�1 is deter-
mined, for which no noticeable difference
between the three systems is found. Addi-
tionally, polymerization experiments have
been performed in the same CO2-MMA
system without the radical scavenger. In
Fig. 4B, the molecular weight distribution
of the formed poly (methyl methacrylate)
(PMMA) is given, which shows that high-
molecular-weight material is formed with a
weight-averaged and number-averaged mo-
lecular weight of 100,000 and 21,000, re-
spectively, leading to a polydispersity of
about 4.9. In pure MMA, no cavitation
occurs at this pressure and ultrasound in-
tensity and hence no polymerization was
observed. In ultrasound-induced bulk poly-
merizations at ambient pressures, a strong
viscosity increase is observed, which hin-
ders cavitation, and hence radical forma-
tion, which limits the conversion to low
values (2). Because high-pressure CO2 acts
as an antisolvent, the polymer will precip-
itate from the CO2-monomer phase, so that
even at high conversions a low solvent
viscosity and a high radical formation rate
can be maintained.

Because cavitation can also cause chain
scission, the attained molecular weight can be
limited by this effect (2). To allow for chain
scission, the polymer needs to be in solution
and has to be above a certain molecular weight
to experience sufficient strain on the polymer
chain. Depending on the cavitation intensity
and the viscosity of the system, an upper limit
for the molecular weight of approximately
30,000 g/mol can be expected as a result of
polymer scission. The solubility of PMMA in
the system is strongly dependent on the
CO2:MMA ratio: At a CO2:MMA ratio of
0.71:0.29, the solubility of PMMA with a num-
ber-averaged molecular weight of 46,400 g/mol
is approximately 5% (19). Increasing the
CO2:MMA ratio, however, results in a sharp
decrease in solubility. This would provide an
additional means to control the molecular
weight of the polymer and to obtain multimodal
molecular weight distributions.

These experiments demonstrate the feasibil-

Fig. 2. Ultrasound-in-
duced cavitation in
liquid CO2 at 283 K
and 75 bar. The exper-
iments were per-
formed in a high-pres-
sure cell of 175 ml
provided with quartz
windows. The tip of
the ultrasound horn is
located at the top and
provides 20-kHz ultra-
sound with an intensi-
ty of 25 W/cm2 (A)
and 125 W/cm2 (B). In
(A), no cavitation occurs and the liquid remains transparent, whereas in (B) cavitation does occur,
made visible by the presence of dispersed gas bubbles underneath the ultrasound horn. Addition-
ally, the cavitation threshold can simply be determined by ear.

Fig. 3. Calculated radius of a cav-
itation bubble as a function of
time in water and high-pressure
CO2 at 293 K. Initially, a small
cavity with a radius of 10�5 m is
present, which consists of argon
and the corresponding vapor of
the liquid phase. In the calcula-
tions, an ultrasound wave with
an acoustic pressure of 10 bar
and a frequency of 20 kHz is
imposed on this bubble.

Fig. 4. (A) Cavitation-induced radical formation in liquid CO2. Displayed is the concentration of the
radical scavenger 1,1-diphenyl-2-picrylhydrazyl (DPPH) in time as determined by ultraviolet-visible
spectroscopy analysis at 520 nm (18). A 175-ml high-pressure vessel was filled with MMA, which
was distilled before use to remove the hydroquinone inhibitor. Argon was bubbled through the
liquid, and CO2 was added to bring the total liquid volume to 150 ml. The measurements were
performed at 293 K for two CO2:MMA ratios: 0.27:0.73 mol:mol (a and b) and 0.64:0.36 mol:mol
(c), leading to pressures of 12 and 30 bar, respectively. Additionally, 7- and 5-bar argon was added
for systems b and c, respectively. Subsequently, the ultrasound probe (1.24 cm2) was switched on
with a frequency of 20 kHz and an intensity of 118 W/cm2 (a and b). In (c), a limiting intensity of
72 W/cm2 was observed. (B) Molecular weight distribution of the polymer obtained from the
cavitation-induced polymerization of MMA after 2 hours of sonication. The experiments were
performed at a molar CO2:MMA ratio of 0.27:0.73 at 293 K. The polymer was characterized via gel
permeation chromatography, which was calibrated against polystyrene standards.
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ity of ultrasound-induced in situ radical forma-
tion in liquid CO2, thereby substantially broad-
ening the application potential for sonochemis-
try as it allows for the use of environmentally
benign CO2 to replace conventional organic
solvents in many reaction systems.
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Closed-Shell Molecules That
Ionize More Readily Than

Cesium
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We report a class of molecules with extremely low ionization enthalpies, one
member of which has been determined to have a gas-phase ionization energy
(onset, 3.51 electron volts) lower than that of the cesium atom (which has
the lowest gas-phase ionization energy of the elements) or of any other
known closed-shell molecule or neutral transient species reported. The
molecules are dimetal complexes with the general formula M2(hpp)4 (where
M is Cr, Mo, or W, and hpp is the anion of 1,3,4,6,7,8-hexahydro-2H-
pyrimido[1,2-a]pyrimidine), structurally characterized in the solid state,
spectroscopically characterized in the gas phase, and modeled with theo-
retical computations. The low-energy ionization of each molecule corre-
sponds to the removal of an electron from the delta bonding orbital of the
quadruple metal-metal bond, and a strong interaction of this orbital with
a filled orbital on the hpp ligands largely accounts for the low ionization
energies.

The phenomena of oxidation (electron loss) and
reduction (electron gain) are fundamental to
chemistry. Even when these processes do not
occur as such, more complex chemical process-
es and properties, such as ionic and covalent
bond formation and acid-base behavior, can be
understood by analyzing them as a sum of
oxidation and reduction steps. Tables of oxida-
tion enthalpies, electron affinities, and electrode
(redox) potentials are essential to understanding
and teaching chemistry.

Molecules that are thermodynamically
stable under normal conditions typically
have closed shells of valence electrons and
ionization enthalpies of at least 7 eV. The
closed-shell molecule with the lowest ioniza-
tion enthalpy (5.17 eV, vertical) is [(�5-
C5H4

iPr)MoSe]4 (1). In general, values be-
low 5 eV are observed only for molecules or
atoms with at least one electron alone in an
outer orbital, and even then additional condi-
tions must apply. Typical examples are the
alkali metal atoms, which are well known as
powerful reducing agents (2). Lithium and
sodium atoms have ionization enthalpies
above 5 eV (5.39 and 5.14 eV, respectively),
and only the heavier alkali metals have ion-
ization enthalpies less than 5 eV, with the
cesium atom having the lowest of all the
elements at 3.89 eV (3). We report here
measurements and modeling of a class of
closed-shell molecules with extremely low
ionization energies (IEs). One member of this
class ionized at significantly lower energy
than cesium atoms and far lower than any

other molecules that have been chemically
prepared up to this time (4–6).

We are currently studying the remark-
able ability of the hpp ligand (the anion of
1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-
a]pyrimidine) to cause large negative shifts
in the oxidation potentials of paddlewheel
complexes of the M2(hpp)4Xn (n � 0, 1, 2)
type, as indicated in electrochemical stud-
ies. Recently we reported that the
Mo2(hpp)4 molecule (7 ) (Fig. 1) is so
easily oxidized that a chlorinated solvent
such as CH2Cl2 oxidizes it essentially
quantitatively to Mo2(hpp)4Cl (8). In order
to take the Mo2(hpp)4Cl molecule to
Mo2(hpp)4Cl2 or others containing the
[Mo2(hpp)4]2� unit, an additional (and
stronger) oxidizing agent, such as O2 or
Ag�, is required, but even this oxidation is
facile and the product remarkably stable as
compared with the reactivity of all other
paddlewheel complexes of the Mo2

4� core
(9).

There are a number of other cases in
which M2(hpp)4Cl2 molecules have been
found to be much more accessible than
analogous paddlewheel molecules in which
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Fig. 1. A thermal ellipsoid drawing of the qua-
druply bonded M2(hpp)4 molecules (M � Mo
and W ) based on X-ray crystallography (7, 8,
13). The nonplanarity of the ligands is clearly
shown. Distances: Mo–Mo � 2.067(1) Å;
W–W � 2.162(1) Å; Mo–

4N(av) � 2.157[7] Å;
W–N(av) � 2.128[5] Å.
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