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Abstract

By the use of comparative rate thermometry,
we have been able to determine experimentally the
effective temperature <c¢reated during acoustic
cavitation in liquids. The sonochemical reactions
of a series of volatile metal carbonyls have been
used as chemical dosimeters in alkane solvents. We
have established the existence of and conditions
present 1in two reaction sites during acoustic
cavitation: a gas phase hot-spot with an effec-
tive temperature of 5200K and an enveloping,
heated liquid shell with an average effective tem-
perature of ~1900K. A simple conduction model of
thermal transport in the 1liquid reaction site
gives qualitative agreement with the chemical
dosimetry, and predicts that the liquid reaction
zone extends for ~200nm from the surface of the
collapsed cavity and has an effective 1lifetime
<2usec.

1. Intrdduction

The chemical effects of ultrasound have been
studied for fifty years [1], and recent interest
in this area, in fact, has been intense
[2,3,4,5,6]. In spite of this, a detailed under-
standing of the reaction conditions created by ul-
trasonic irradiation of 1ligquids has not been
available. It is well established [7,8,9] that
localized, short-lived "hot-spots" created by ul-
trasonic cavitation are the origin of such sono-
chemistry, and early theoretical calculations us-
ing hydrodynamic models of cavitational collapse
gave temperature and pressure estimates of 10,000K
and 10,000 atmospheres [10]. More recent studies
have estimated the temperatures and pressures to
be 2000K and 1000 atmospheres [11,12], but because
of assumptions made with respect to thermal trans-
port, vapor concentration, etc., these models are
difficult to use in a predictive fashion.

Prior experimental determination of the con-
ditions generated during cavitational collapse is
sparse and is based exclusively on sonolumines-
cence 1in aqueous solutions. Verrall and Sehgal
have studied sonoluminescence of aqueous solutions
saturated with alkali metal salts {13] and with NC
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and NO, gases [14]. From data obtained in these
experiments, they estimated cavitational tempera-
tures to be 860K for N02 saturated solutions,
1350K for NO saturated solutions, and 3400K for
alkali metal salt solutions. These experiments,
however, may not be probing the cavitation event,
since sonoluminescence is caused by radical recom-
bination which may or may not occur directly in
the hot spot. For example, sonoluminescence from
excited Na atoms cannot be occurring in the gas-
phase of the collapsing bubble, because they are
produced by reduction of Na® which has no vola-
tility. Another recent study made use of agueous
sonoluminescence as a function of ambient tempera-
ture in order to estimate temperatures generated
during cavitation [15]. In addition tc the ear-
lier point concerning the site of luminescence,
this estimation relies on a complex kinetic model.
Using the ligand substitution rates of vola-
tile metal carbonyls as dosimeters, we have been
able to establish the site of sonochemical reac-
tions [16,17]. wWe find that there are two regions
of sonochemical reactivity: one corresponding to
the gas phase within tne collapsing cavity and the
second to a thin liquid layer immediately sur-
rounding the collapsing cavity. Furthermore, we
have been able to determine experimentally, using
comparative rate thermometry, the effective tem-
perature distribution 1n each reaction zone.

2. Experimental Details

All ultrasonic irradiations were made with a
collimated (far field region) 20 kHz beam from a
titanium amplifying horn driven by a lead zircon-
ate titanate transducer (Heat Systems Inc.; Model
W-375), with a total acoustic absorbed power of 24
W, as determined calorimetrically, and acoustic
intensities of 24 W/cm® at the surface of the
horn. The detailed experimental configuration is
described elsewhere [6,18,19].

Solvents were of the highest available purity
(spectrophotometric, gold label, or 99%+) and were
used without further purification. Fe(CO). (from
Alpha Ventron Chemicals) was vacuum distil?ed im-
mediately prior to use. Cr(CO)6, Mo(CO)6, and
W(CO}g (from Alpha Ventron Chemicals) were 95%+
pure and were sublimed before use. P(C6H5} (from
Aldrich Chemical) was 99% pure and was used as
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purchased. P(OCH;), and P(OCcHc}; (from Aldrich
Chemicals) were vacuum distilled béfore use. Vapor
pressures were calculated from available data
[20,21,22,23] assuming ideal behavior.

Alkane solutions with metal carbonyl concen-
trations of 0.01M were irradiated with ultrasound.
The alkane solutions were made from mixtures of
two alkanes (heptane through dodecane) chosen in
the proper proportion to give a total system vapor
pressure of 5.0 torr at the chosen bulk tempera-
ture (which was varied between 270K and 350K).
Reactions were performed in a thermostated amber
glass sonication cell, which was kept under a
slight positive pressure of argon. Solutions were
sparged with argon, then transferred to the soni-
cation cell. Aliquots of the solutions were re-
moved at regular intervals during sonication, and
the absorbance of the metal carbonyl was deter-
mined using Fourler transform infrared spectro-
photometry (Nicolet 7199 or MX-S). First order
rate constants were then determined from the plots
of log(Absorbance) versus time for each reaction
at each chosen, bulk temperature. The bulk temper-
ature was then varied (as were the alkane mixtures
to keep the total vapor pressure constant) in or-
der to determine observed sonochemical rates as a
function of metal carbonyl vapor pressure. Linear
regression analyses were used for quantitative de-
terminations.

Calculations of temperature evolution models
were done numerically using an explicit method of
finite differencing [24]. The temperature pro-
files as a function of radial distance and time
used the appropriate thermal diffusities for Ar at
elevated temperatures for the gas phase reaction
zone [24] and for decane in the liquid reaction
zone [25]. 1Initial temperatures in the gas phase
reaction zone were set to 5200K, as determined ex-
perimentally (and discussed below). Thqlsize of
the heated sphere was taken at 1.544x10 "m, which
is derived from the maximum cavity radius before
collapse (6.50x10 'm) and the compression ratio
required to generate the observed gas phase tem-
perature [16,171]. Convergence of the solutions
were demonstrated by incremental decreases in the
step sizes of radial distance and time. Theoreti-
cal relative rates in the liquid phase were calcu-
lated by trapezoidal integration.

3. Results and Discussion

For this study, we have used four metal car-
bonyls as dosimeters, Fe(CO)S, Cr(CO)6, Mo(CO)6
and W(CO)6, whose general structures are shown in
Fig. 1. We have previously explored the sonochem-
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Figure 1. The Structures of Metal Carbonyls.

istry and sonocatalysis of the metal carbonyls in
scme detail [5,6,18]. Their present use as chemi-
cal dosimeters for acoustic cavitation has been

successful for several reasons. First, their
thermal and photochemical behaviors are well de-
fined and serve as an essential background [26,27]
for understanding their sonochemical reactivity.
Second, their reactivity is essentially simple,
since the carbon-oxygen bond strength is very much
larger than the metal-carbon (i.e. >900 KJ/mole
difference in bond enthalpies). Third, these re-
actions are unimolecular in their rate determining
step and are not due tc secondary reaction in the
bulk solution. Fourth, these reactions are easily
monitored quantitatively by infrared spectrophoto-
metry. Finally, the kinetic behavicr of these
systems is extremely well behaved throughout the
course of the reactions.

We have found that the substitution kineties
of these metal carbonyls with various phosphines
(PR3) and phosphites (P(OR),) are first order in
metal carbonyl and zero ordér in ligand [6]. An
example of a kinetic plot of a substitution reac-
tion is shown in Fig., 2. The concentration of
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Figure 2. First Order Kinetics of Fe(CO) Sono-
chemical Ligand Substitution Wwith
P(OCH3)3.

P(OCH,), was varied up to a 30-fold excess and no
changé was seen in the observed rate. This behav-
ior is typical of a dissociative mechanism (see
Scheme I, below). Under sonolysis, metal carbon-

Scheme I
M(CO)n ——%%%——,-M(Co)n_x + xCO0
M(CO)n_X + L ——-———a»M(CO)n_XL

M(CO)n__x + CO —-—-——»M(CO)n_X + 1
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yls may exhibit multiple CO loss. The reactive
fragment so formed can then add a ligand, which
may be CO or L (L = phosphine or phosphite). If
the resulting complex is still coordinatively un-
saturated, the fragment will add a second ligand.
Products of these reactions are primarily mono-
and disubstituted metal carbonyl phosphine (or
phosphite) complexes.

As described in the experimental section, the
total vapor pressure was kept constant. This is
essential since the efficacy of cavitational col-
lapse and the temperatures so generated are
strongly dependent on the vapor pressure of the
solvent system [28,29]. Therefore, we keep the
dosimeter's concentration in the bulk solution
constant, fix the total system vapor pressure, and
vary the bulk temperature. In this way, we can
vary the dosimeter's vapor pressure alone, while
keeping all other relevant parameters constant.

This has been done for all four of our dosi-
meters; Figures 3 and 4 show the results for
Fe(CO)5 and w(CO)6, respectively. In all cases,
the observed sonochemical rate increases with in-
creasing dosimeter vapor pressure and a has non-
zero intercept. The linear dependence of the ob-
served rate coefficients on dosimeter vapor pres-
sure 1is due to reactions occurring in the gas
phase. As the dosimeter vapor pressure increases,
its concentration within the gas phase cavity in-
creases linearly, thus increasing the observed
sonochemical rate coefficients. The non-zero in-
tercept indicates that there is a vapor pressure
independent component of the overall rate. That
is, there must be an additional reaction site oc-
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Figure 3. Observed First-Order Scnochemical Rate
Coefficients for Fe(CO); vs. the Vapor
Pressure of Fe(CO)S. %he total vapor
pressure of the syStem is constant at
5.0 torr.
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Figure 4. Observed First-Order Sonochemical Rate
Coefficients for w(CO)6 vS. the Vapor
Pressure of W(CO)g. The total vapor
pressure of the system is constant at
5.0 torr.

curring within the 1liquid phase. Because one
would expect localized heating of the liquid near
the collapsing cavity, we believe the liquid phase
reaction is occurring in the thin liquid shell
surrounding the collapsing cavity, as illustrated
in Fig. 5. These results demonstrate that there
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Figure 5. Two Site Model of Sonochemical Reac-
tivity.



are two sonochemical reaction zones:
site and a liquid phase site.

We can further analyze our data to estimate
the effective temperatures reached in each site by
the use of comparative rate thermometry, a tech-
nique developed for similar use in shock tube
chemistry [30]. If one has a series of reactions
whose rate behavior as a function of temperature
is known, ¢then from their experimentally deter-
mined relative rates one may calculate the effec-
tive temperature at which the reactions occurred.
For the dissociation of CO from a series of metal
carbonyls, the Arrhenius parameters {k =
Aexp(-Ea/RT), where k = rate coefficient, A = ac-
tivation frequency, Ea = activation energy, R =
gas constant} have recently been accurately deter-
mined at high temperatures by gas phase laser
pyrolysis {31].

From the slopes and intercepts of Figures 3
and 4 (and similar plots for the other complexes),
we can derive the rate coefficients (shown in Ta-
ble I) for the gas phase and liquid phase reaction

a gas phase

sites [17]. The effective temperature of each
Table I.

Dosimeter kg(sec"Tbar_1)a kz(sec~1M—1)

Fe(CO) 2.96(5) 3.35(48) x 1073

Cr(co)g 2.45(72) 12.2(10) x 1073

Mo(CO)¢ 1.63(14) 2.97(25) x 1073

W(CO)g 1.17(6) 1.37(18) x 1073

8k _ is the gas phase reaction constant (taken from
thé slopes of the lines fit to data in Figures 3
and 4, etc); Ko is the liquid phase reaction rate
constant (taken from the intercepts of the data in
Figure 3 and 4, etc.).

DThe standard deviation of last digit is given in
parentheses.

site can be calculated from the slope of plots of

log(A/k bs) versus E_ for our four dosimeters.
Figure 8 shows such a plot for the gas phase reac-
tion site. The data are quite good for the gas

phase reaction zone, and give an estimate of the
gas phase effective temperature of 5200 + 650K,
under our conditions.

The 1liquid phase zone does not behave as
well, as shown in Figure 7: this 1is expected,
since there must be a spatial temperature gradient
in the liquid surrounding the gas phase hot-spot,
rather than a single, uniform temperature. A more
realistic view of the temperature and rate profile
in the liquid reaction zone is shown in Figure 8.
We have modelled the time and spatial evolution of
the liquid zone temperature using an explicit
method of finite differencing, as described earli-
er, based on a sphere at initial temperature of
5200K embedded in an infinite matrix at 300K. This
is an admittedly simple model which includes only
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Figure 6. Comparative Rate Thermometry of the Gas
Phase Reaction Site. In order of in-
creasing E_, these data are for
Cr(C0)g, Mo{t0)g, Fe(CO)g, and W(CO)g.
The slope of the least squares fit line
(solid) is 1/RTpp.
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Figure 7. Comparative Rate Thermometry of the
Liquid Phase Reaction Site. In order
of increasing E_, these data are for
Cr(C0)g, Mo(CO)g, Fe(CO)g and W(CO)g.

The solid line in this cdse is derived
from the conduction model of thermal
transport described in text.
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Calculated Reaction Rates in the Liquid
Phase Reaction Site as a Function of
Time and Distance from Bubble Surface.
These rates for W(CO)6 were derived
from the conduction model described in
text, and weighted by annular volume.
In descending order, the distances from
the bubble surface are 50, 100, 150,
200, and 250nm.

conductive heat transport; convection is not in-
cluded. It should be emphasized that our simple
conduction model has no adjustable parameters in
predicting relative rates. Remarkably, this model
does agree gqualitatively with the data. Using the
activation parameters (Ea and A) derived from gas
phase pyrolysis, our model predicts the relative
liquid phase rates tc be in the same order actual-
ly observed: Cr‘(CO)6 > Fe(CO)5 > Mo(CO)6 >
W(CO)6, which 1s different than those of the gas
phase site, As shown in Figure 7, our simple heat
conduction model predicts relative rates which are
in rough agreement with the observed liquid phase
reaction zone,

The quantitative comparisons are only fair,
however: relative rates for W(CO)6, Mo(C0) .,
Fe(CO)5 and Cr(CO)6 are, 1,00, 2.16, 2.44 and 8.@9
as observed, and 1.00, 2.11, 3.70, and 4.21 as
calculated from our model. The model predicts a
spatial and temporal average liquid zone reaction
of 2730X; the experimentally deter-
mined data give a 1liquid =zone temperature
of ~1900K., Convection and mass transport effects
would lower the temperatures predicted in the liq-
uid reaction zone, and wculd bring the model into
better quantitative agreement and the observed
data.

The conduction model also gives us a sense of
scale concerning the liquid reaction zone: it ex-
tends only =~200nm from the bubble surface, and it
has an effective lifetime of less than 2 usec af-
ter collapse. The size of this heated shell corre-
sponds to a vreactive 1liquid 1layer of =500
molecules thick.

temperature
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Another way to estimate the depth of this
liquid zone 1s to assume complete reaction of all
metal carbonyl molecules in both the gas phase and
liquid phase zones. With that assumption, the ra-
tio of kg to k easily gives the approximate ratio
of volumes (aﬁ% radii) of the liquid to gas zones
immediately before collapse [16]. With our data,
the gas phase t% liquid phase reaction site vol-
umes are ~1.5x10" before collapse. If we estimate
our bubble radius before collapse as 6.5x10 'm
[16,32], then in order to generate a final temper-
ature of 5200K, the bubble radium after collapse
will be ~1.5x10""'m, This leads to an estimate of
the liquid reaction zone depth of 270nm, which is
in gocd agreement with our simple conduction

model,
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