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ABSTRACT: A unique, versatile, and material-independent ap-
proach to manipulate contactlessly and merge two chemically
distinct droplets suspended in an acoustic levitator is reported.
Large-amplitude axial oscillations are induced in the top droplet by
low-frequency amplitude modulation of the ultrasonic carrier wave,
which causes the top sample to merge with the sample in the
pressure minimum below. The levitator is enclosed within a
pressure-compatible process chamber to enable control of the
environmental conditions. The merging technique permits precise
control of the substances affecting the chemical reactions, the sample
temperature, the volumes of the liquid reactants down to the
picoliter range, and the mixing locations in space and time. The

performance of this approach is demonstrated by merging droplets of water (H,0) and ethanol (C,H;OH), conducting an acid—
base reaction between aqueous droplets of sodium hydroxycarbonate (NaHCO;) and acetic acid (CH;COOH), the hypergolic
explosion produced via merging a droplet of an ionic liquid with nitric acid (HNO,), and the coalescence of a solid particle (CuSO,-

SH,0) and a water droplet followed by dehydration using a carbon

dioxide laser. The physical and chemical changes produced by

the merging are traced in real time via complementary Raman, Fourier-transform infrared, and ultraviolet—visible spectroscopies.
The concept of the contactless manipulation of liquid droplets and solid particles may fundamentally change how scientists control
and study chemical reactions relevant to, for example, combustion systems, material sciences, medicinal chemistry, planetary

sciences, and biochemistry.

he control and merging of two droplets is fundamentally

important to unravel not only basic physical processes
such as mixing dynamics' and intermolecular forces,” but more
importantly the outcome of chemical reactions occurring in
liquids, combustion processes,’ material sciences,” and
biochemistry.”> Contemporary devices of contactless process-
ing exploit tandem electrodynamics traps,’ guided droplet
collisions combined with branched quadrupole traps,” optical
trapping (or laser tweezers),® and diamagnetic levitation.”
However, the electric, magnetic, and laser traps lack versatility
for chemical applications, since these techniques are sensitive
to specific physical properties of the samples such as the
electric charge (electrodynamic traps), magnetic permeability
(diamagnetic traps), and the refractive index (laser traps).

In acoustic levitation, an object is suspended in a gaseous
medium by acoustic radiation pressure.'’”'> The acoustic
force is independent of the electric and magnetic properties of
the sample and, therefore, enables a wider range of substances
to be studied than via the aforementioned electromagnetic
traps. Levitation has the advantage of avoiding the complicat-
ing effects of a contacting surface and so permits the so-called
“containerless processing” of a single, levitated particle.
Acoustic levitation has been used to process containerlessly
individual particles and single droplets.”'*~"” To extend the
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acoustic technique to the transport and coalescence of levitated
droplets, ultrasonic phased arrays consisting of a chessboard-
type arrangement of piezoelectric transducers have been
developed that horizontally transport and merge matter by
the spatial and temporal modulation of the acoustic field."'*"
However, the complex design and size make these acousto-
phoretic devices less suitable for operation within a chemical
process chamber at controllable temperatures, and reduces the
accessibility for the multiple, complementary spectroscopic
probes required to trace the chemical reactions after merging
the two droplets. Within a single-axis acoustic levitator,
Bjelobrk et al.*® united two droplets in air by merging two
pressure nodes into one by varying the distance between the
transducer and reflector, but the change in radiation pressure
during the droplet movement adversely affects the acoustic
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resonance condition which can lead to disintegration of the
droplets.

Thus, although significant progress has been made in the
methods of droplet transport and coalescence, the application
of a merging technique to solve the realistic problems
encountered in chemical and biological research has yet to
be achieved. In particular, a versatile technique employing the
contactless manipulation of liquids to control and merge two
chemically distinct droplets and simultaneously follow the
resulting reactions via a complementary set of spectroscopic
probes has not been accomplished to date. To address the
requirement, we report on a versatile approach to merge two
droplets levitated in a single-axis device by the low-frequency
modulation of the ultrasonic carrier wave (Figure 1). By
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Figure 1. Schematic representation of the (a) unmodulated and (b)
modulated voltages applied to the piezoelectric transducer.

preparing two chemically distinct droplets in adjacent pressure
nodes, this technique enables the droplets to be merged and
the chemical reactions within the merged droplet followed via
complementary infrared, Raman, and ultraviolet—visible (UV—
vis) spectroscopies. By implementing this levitation device
within a pressure-compatible process chamber interfaced to a
carbon dioxide laser, the reactions of samples including toxic
liquids can be explored in a controlled environment over
extended temperature ranges. The experimental set up permits
precise control of the substances affecting the chemical
reactions, the sample temperature, and the volumes of the
liquid reactants down to the picoliter range. Furthermore, since
the two merging droplets mix rapidly at a precise location in
space and time, any measurement involving chemical kinetics,
such as determining the ignition time of a hypergolic reaction
(Results and Discussion), can be measured more accurately.
The unique performance of this approach is demonstrated by
merging droplets of water (H,0) and ethanol (C,H;OH),
conducting an acid—base reaction between aqueous droplets of
sodium hydroxycarbonate (NaHCO;) and acetic acid
(CH;COOH), by reacting a droplet of the hypergolic ionic
liquid 1-butyl-3-methylimidazolium dicyanamide ([BMIM]-
[DCA]) with nitric acid (HNO;), and coalescing a solid
particle (CuSO,-SH,O) and a water droplet followed by
dehydration of the water—copper sulfate solution using a
carbon dioxide laser. These studies represent benchmarks for
physical mixing processes, reactions in aqueous solution,
unravelling the oxidation of toxic ionic liquids, and liquid—
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solid interactions. The reaction between a droplet of
[BMIM][DCA] and nitric acid is discussed in the Results
and Discussion section; full details of the three other
experiments are presented in the Supporting Information.

B EXPERIMENTAL METHODS

Levitator Experimental Apparatus. The levitator
experimental apparatus has been discussed in detail pre-
viously.'"#'® In the acoustic levitator, ultrasonic sound waves
with a frequency of 58 kHz are produced by a piezoelectric
transducer and reflect from a concave plate to generate a
standing wave.'* The sound waves produce acoustic radiation
pressure,'*' which levitate a sample slightly below one of the
pressure minima of the standing wave. The distance between
the transducer and reflector is set to 2.5 wavelengths (or 14.8
mm) producing five pressure nodes, although only the second
and third pressure nodes above the ultrasonic transducer are
suitable for levitation. The largest diameter of droplets or
particles that can be levitated in the present apparatus is
approximately 3 mm, whereas the smallest is around 15 ym. In
the experiments discussed below, before merging the oblate
spheroidal droplets have horizontal and vertical diameters in
the ranges of 2.0—2.8 mm and 1.2—1.6 mm, respectively.

The levitator is enclosed within a pressure-compatible
process chamber to permit levitation in an inert gas or a
highly reactive gas to investigate chemical reactions. In the
present experiments, the chamber was filled with argon at the
temperature and pressure of 298 K and 880 Torr, respectively.
To levitate chemically distinct droplets in adjacent pressure
nodes, two syringes are attached to an outside port on the
chamber. Each syringe is connected via chemically inert
polyetheretherketone (PEEK) tubing to one of two micro-
needles inside the chamber. The pair of needles is attached to
the end of a wobble stick, which permits either needle tip to be
positioned within the second or third pressure minimum to
deposit a droplet before being withdrawn prior to the
experiments. To levitate a liquid droplet and a solid particle,
one of the needles was replaced by a wire-mesh spatula. The
levitated droplet can be heated to the desired temperature by
varying the output power of a 40 W, Synrad Firestar v40 laser
emitting at the wavelength of 10.6 ym. The temperature of the
levitated sample was measured by an FLIR A6703sc thermal-
imaging camera.

The process chamber is surrounded by complementary
Raman, FTIR, and UV—vis spectrometers to identify any
chemical or physical modifications of the levitated sample. In
the Raman spectrometer system, a diode-pumped, Q-switched
Nd: YAG laser emits a 532 nm beam which is focused by a lens
onto the sample. The Raman-shifted, backscattered photons
are focused by a camera lens into a HoloSpec f/1.8 holographic
imaging spectrograph, where two overlaid holographic trans-
mission gratings disperse the spectrum across a CCD camera
(Princeton Instruments PI-Max 2 ICCD) and simultaneously
cover the Raman-shift ranges from 300—2450 cm™" and 2400—
4400 cm™" with a resolution of 9 cm™. Infrared transmission
spectra in the 4000 to 400 cm™' wavenumber range can be
obtained using mirror optics to focus the output from a
Thermo Scientific Nicolet 6700 FTIR spectrometer into a
diameter of 4 mm around the levitated sample before
recollimating the infrared beam prior to detection. Any part
of the IR beam incident on the sample is either absorbed or
scattered away from the detector, so that only gases in the
region of the droplet are detected by transmission FTIR
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spectroscopy. The number density of the absorber, n, and,
hence, the moles of gases produced in the process chamber can
be calculated using the Beer—Lambert law:**

A loge 10

n=
oL

(1)

where A is the absorbance from our spectrum, o is the
reference absorption cross section from the HITRAN
database,” and L is the path length of 37.6 cm.

In the UV—vis spectrometer, the output from a UV—vis
source is transmitted via a fiber-optic feedthrough within a
conflat flange to seven, 400 um illumination fibers of a Y-type
reflectance probe located inside of the process chamber. The
radiation backscattered from the levitated sample is collected
by one 600 ym diameter read fiber, exits the chamber by the
conflat fiber-optic feedthrough, and lastly goes into a
StellarNet SILVER-Nova UV—vis spectrometer, which oper-
ates in the 200 to 1100 nm wavelength range at a resolution of
2 nm. To film high-speed events, a Phantom Miro 3a10 camera
combined with a Navitar Zoom 6000 modular lens system was
aligned on the levitated sample via an optical viewport.

The reaction rate constants can be determined by analyzing
the growth curves for formation of the new peaks or the decay
curves for the reduction of the unreacted peaks in a sequence
of the Raman spectra recorded as a function of time. Such an
approach has previously been applied to deduce the reaction
rates for the oxidation of a levitated droplet of an energetic
ionic liquid by nitrogen dioxide.'® The fastest reaction rates
that can be followed are ultimately limited by the minimum
times to collect a single Raman, FTIR, or UV—vis spectrum of
0.25 s, 1 s, and 0.001 s, respectively.

Droplet Oscillations. To induce oscillations in the droplet,
the voltage of the carrier wave is amplitude modulated by a
low-frequency voltage output from a signal generator. The
voltage V, applied to the ultrasonic transducer is given by

V, = V(1 4+ m sin o, t)sin ot ()

where V. and o, are the voltage amplitude and angular
frequency (@w./27 = 58 kHz) of the unmodulated ultrasonic
standing wave, respectively; @, is the angular frequency of the
modulation voltage with typical values in the range of 20 <
®,,/27 5 40 Hz; and m is the modulation index (Figure 1).
The resulting axial acoustic radiation pressure, Pz, t),is given
by (Supporting Information):

2

P(z,t) » — cos 2k z(1 + 2m sin @, t)

2
p() )

)

where A is the pressure amplitude of the standing wave, p; is
the ambient density, ¢, is the speed of sound, z is the
displacement from the central pressure minimum along the
central axis of the levitator, and k, = w_./c, is the wavenumber
of the ultrasonic wave. The integral of the time-independent
pressure term o« —A” cos 2k,z over the surface of the sample
produces a net upward axial levitation force that compensates
the downward force of gravity. The time-varying axial force
arising from the term o —A’m cos 2k,z sin @t causes the
droplet to be periodically compressed at the poles into an
oblate shape and subsequently elongated into a prolate shape
along the vertical axis. The surface tension of the droplet
provides a restoring force. The droplet may thus be driven into
oscillations if the modulation frequency @, is similar to that
for one of the resonant modes. For the axisymmetric
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vibrational modes relevant here, the vibrational frequencies
can be analyzed by first expanding the radius r(6, t) of the
deformed droplet as a series of Legendre polynomials:

lmax
r(0,t) =r|l+ Z ¢,(t)P(cos 0)

=2

(4)

where r, is the radius of a spherical droplet with the same
volume. An expression for the frequencies f; of the
axisymmetric vibrational modes was derived by Rayleigh:**

f=2 \/p%z(z —1)(+2)

2 (3)

where ¢ is the surface tension and p is the density of the
droplet. Equation S was derived for vibrations about a spherical
droplet, but the analysis remains approximately valid for
oscillations around the oblate equilibrium shape typical of a
levitated droplet if r, is replaced by the equatorial radius a.”’
As examples of axisymmetric modes, we show the lowest mode
with [ = 2 or the quadrupole mode in Figure 2; the =3 and [ =

(a)

Figure 2. Pictorial representation of the droplet merging procedure
showing (a) two droplets levitated in adjacent pressure nodes before
modulation, (b) the oblate and prolate axial shapes induced in the
upper droplet when oscillating in the quadrupole mode, and (c) the
merged droplet.

6 modes are displayed in Figure S3. Experimental studies for
the driven oscillations of droplets reveal that pure modes with
one value of | can be selectively excited, but mixed modes, for
example [ = 3 and [ = 6, can also form by intermode energy
transfer and these resemble the highly-excited droplet shapes
immediately before merging.*®

For small amplitude oscillations, experimental measurements
for the resonance frequencies of the first four modes were
found to be in approximate agreement with theoretical
predictions.”” In particular, the resonant frequency of the
fundamental [ = 2 mode varied with the radius r, according to
fi o« ry™" consistently with eq 5. Extension of the
measurements to large-amplitude driven oscillations showed,
however, that the resonance frequency increased slightly
relative to eq S as the droplet was deformed into an
increasingly oblate shape.”® Nonaxisymmetric oscillations of
acoustically levitated water droplets excited by a similar
modulation technique have been observed experimentally.””

Merging Approach. First, one droplet was levitated in the
second pressure minimum above the ultrasonic transducer and
then the other droplet dispensed with a smaller diameter into
the pressure minimum above. Second, the modulation

https://dx.doi.org/10.1021/acs.analchem.0c00929
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frequency f,, was tuned to match the resonant frequency of the
upper droplet, and hence axial oscillations of the fundamental [
= 2 mode were induced. The oscillations induced were smaller
in the lower droplet because the resonant frequency depends
on the droplet radius 7, via eq S. Third, the modulation voltage
was gradually increased to cause the amplitude of the induced
oscillations to grow. For large amplitudes, the droplet often
appeared to oscillate in a non-normal mode, although the
vibrations were probably a combination of several pure modes,
as discussed above, including nonsymmetric geometries.”®
Fourth, when the oscillation amplitude exceeded the
dimensions of the trapping acoustic potential well, the top
droplet fell under gravity into the pressure minimum below,
guided by the horizontal restoring force produced by the radial
acoustic Bernoulli stress® and the curved reflector, where it
merged with the lower droplet. Lierke suggested a different
approach for the contactless merging of droplets by inducing
radial sample oscillations within a slightly tilted levitator,™ as
described by the parametric Mathieu equation.’’ The
oscillation of a droplet was damped by the viscosity of the
liquid and the dragging effect of the surrounding gas.
Consequently, the Q-factor of the resonance was reduced,
and hence the droplet oscillated for a range of frequencies
around the central value, f; (eq 5).””*® Two droplets with only
slightly different radii can therefore both be set into oscillation
by the modulated ultrasonic wave, as was often observed in the
present experiments. The top droplet will, nevertheless, escape
from the acoustic potential well first even if its oscillation
amplitude is only slightly larger than that for the droplet below.
We have focused on merging droplets with diameters near the
upper limit of 3 mm (see the Levitator Experimental Apparatus
section), since the probability of the two particles colliding
and, hence, merging reduces as the diameter approaches the
lower limit of 15 um. The merging technique could, in
principle, be extended to smaller droplets by reducing the
wavelength of the acoustic standing wave.

B RESULTS AND DISCUSSION

A hypergolic propellant consists of a fuel and an oxidizer,
which spontaneously ignite upon mutual contact. The most
commonly employed hypergolic propellant is composed of a
dinitrogen tetroxide (N,0,) oxidizer and hydrazine (N,H,)
fuel*>3 Hydrazine has critical shortcomings, however,
including toxicity, an inherently high vapor pressure, and
corrosiveness.’> Several ionic liquids (ILs) have been found to
be hypergolic with common oxidizers,”*™** for example, 1-
butyl-3-methylimidazolium dicyanamide ([BMIM][DCA])
(Figure S1) and white-fuming nitric acid (WENA).” Owing
to suitable physical properties of ionic liquids such as the
melting point, energy density, and viscosity and the potential
to tune these properties by selecting different anion and cation
combinations,*’ there has been intensive research to develop
ionic-liquid-based hypergolic fuels that avoid the disadvantages
of hydrazine-based propellants.”* ™ The two-droplet merging
technique coupled with the complementary spectroscopic
probes interfaced to the levitator apparatus is an ideal set up to
perform such hypergolic ignition studies and explore the
underlying chemistry. Since [BMIM][DCA] and WFNA ignite
upon mutual contact and produce intense flames,” to
acoustically trap the merged droplet for the spectroscopic
investigation we reduced the reaction rate and the explosive-
ness of the system by using diluted, 70% nitric acid (HNO,).
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Figure 3. (a) Droplet of nitric acid levitated above a [BMIM][DCA]
droplet, (b) the axial oscillations induced in the upper droplet, (c) the
merged droplet before significant reaction, and (d) the merged
droplet captured in an upper pressure node following the chemical
reaction. The droplet merging process is shown in Movie Sl
(Supporting Information).

Photographs of the nitric acid droplet levitated above the
[BMIM][DCA] droplet and the merged droplet are displayed
in Figure 3. The nitric acid, [BMIM][DCA], and merged
droplets are oblate spheroids with dimensions of 2.1 mm X 1.3
mm, 2.1 mm X 1.4 mm, and 2.7 mm X 1.6 mm, respectively. A
film of the merging reaction is shown in Movie SI.
Immediately after the merging, the products released into
the gas phase were rapidly ejected from the lower side of the
droplet which propelled the droplet upward; however, the
acoustic trapping potential coupled with gravity remarkably
captured the escaping droplet into an upper pressure node.
After the gaseous products were released, the shape and
location of the droplet stabilized and a white precipitate
formed. The Raman spectrometer collects photons back-
scattered from the droplet and, hence, traces chemical changes
of the droplet itself.'* In contrast, the FTIR spectrometer
system operates in transmission mode,'* and therefore only
gaseous products or molecules vaporized from the surface of
the reactants are detected. FTIR spectra of the two droplets
before and after coalescence were each acquired for 1 min and
are shown in Figure 4. The [BMIM][DCA] spectrum does not
contribute to the FTIR spectra owing to the very low vapor
pressure of ionic liquids. The Q-branch wavenumbers and
vibrational mode assignments for bands a*—d* of the nitric
acid droplet before the merging are presented in Table S1.**
The vibrational modes for bands a—n of the gaseous products
are assigned in Table S2 to carbon dioxide (CO,) [v5(0,")
asymmetric stretching mode, 2349 cm™'; v,(7,) bending
mode, 668 cm™'] and nitrous oxide (N,0) [v;(c*) N-N
stretching, 2223 cm™'; v,(6") N—O stretching mode, 1285
cm™'] in accordance with the following reaction mechanism
between the [DCA]~ (or [N(CN),]”) anion and nitric acid:*’
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Figure 4. FTIR spectra of the nitric acid droplet and the merged
droplet in the (a) 4000—2400 cm™, (b) 2500—1800 cm™, and (c)
1800—500 cm™ wavenumber regions. The wavenumbers for the
nitric acid bands labeled a*—d* are compiled in Table S1; the
vibrational modes for the newly formed bands a—n are presented in
Table S2.

[N(CN),]” + 4HNO,

— 2CO, + 3N,0 + 2H,0 + NO;~ 6)

Raman spectra of the nitric acid, the [BMIM][DCA], and
the merged droplets are presented in Figure 5. Each Raman
spectrum was acquired for approximately 10 min to achieve a
high statistical accuracy. Since nitric acid partly dissociates in
aqueous solution to form the nitrate (NO;~) and hydronium
(H;0%) ions, the Raman spectrum for the aqueous nitric acid
droplet was identified by comparison with the 10 Raman active
vibrational modes of molecular nitric acid and the 5 Raman
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Figure 5. Raman spectra and individual peak fits for nitric acid,
[BMIM][DCA], and the merged droplet in the (a) high and (b) low
Raman-shift regions. The inserts from 2350—2020 cm™' show the
region of the intense [DCA] peaks in detail. The wavenumbers and
vibrational mode assignments for the nitric acid, [BMIM][DCA], and
the new peaks (1)—(4) are presented in Tables S3, S4, and SS,
respectively.

active modes of the nitrate anion (Table S3).*** For the
Raman spectrum of the [BMIM][DCA] droplet, the vibra-
tional modes for the numerous observed peaks are assigned in
Table S4 by comparison with the wavenumbers for the 9
normal modes of the [DCA]™ anion and the 75 normal modes
of the [BMIM]* cation.'® Clearly, the Raman spectrum of the
merged droplet differs significantly from the spectra of the
unreacted nitric acid and [BMIM][DCA] droplets. First, the
peaks at 2134, 2191, and 2236 cm™' produced by the
asymmetric stretching mode v,(—C=N), symmetric stretch-
ing mode v (—C=N), and the y(C—N) + v, (C-N)
combination band of the [DCA]™ anion, respectively, reduced
significantly following the reaction. In contrast, the peaks
produced by the [BMIM]* cation, such as the structure
between 2800 cm™" and 3200 cm™’, are essentially unchanged.
Second, a new peak 1 appeared which is assigned to —C=N
stretches, together with new peaks 2—4 attributed N=0O
stretches of the organic nitrites (Table S5).** The remainder of
the merged droplet spectrum is the sum of the unreacted nitric
acid and [BMIM][DCA] spectra (Figure S). Consequently,
these data suggest that the [DCA]™ anion rather than the
[BMIM]* cation reacted with the nitric acid to produce the
carbon dioxide and nitrous oxide gaseous products (reaction
6) detected by the FTIR spectrometer, in addition to the
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functional organic groups monitored by Raman spectroscopy
and listed in Table SS.

B CONCLUSION

We have presented a versatile, original method to merge
contactlessly two droplets levitated in adjacent pressure
minima of a single-axis acoustic levitator and followed the
resulting reactions via complementary Raman, FTIR, and UV—
vis spectroscopic probes. To demonstrate the wide range of
possible applications, the technique was used to investigate
liquid systems relevant to physical mixing, reactions in aqueous
solutions, and hypergolic ignition processes, in addition to
solid—liquid interactions including dehydration at elevated
temperatures. The present approach has the potential for a
diverse range of additional fundamental and applied research.
For example, laser-heating of the individual or merged droplets
will enable reactions to be investigated over an extended
temperature range relevant to combustion processes.22
Furthermore, the incorporation of a closed-cycle helium
refrigerator or liquid nitrogen-based cooling system would
reduce the temperatures of the buffer gas in the process
chamber to those found on the planets and their moons, which
would help us explore merging processes of astrochemical
relevance including of hydrocarbon droplets in hydrocarbon
rich atmospheres of planets and their moons such as Titan."
The possibility of mixing without biological contamination or a
loss of reagents owing to contact with supports makes our
approach suitable for biological applications, such as studying
DNA transfection in which small volumes of biological
suspensions of living mammalian cells are merged with
plasmids.** The ability to collect high-sensitivity, time-
dependent spectroscopic data from samples with volumes of
only a few picoliters also makes the method highly suitable to
study infections in biological tissues, such as single blood
drops, where limited material is available and follow the
biochemical kinetics, thus utilizing levitated droplets as wall-
less test tubes.”” By merging samples such as aqueous sulfates,
nitric acid, or hydrocarbons, the controlled environment of the
levitator would also be ideal to simulate the collisions and
coagulation of aerosol particles occurring in Earth’s atmos-
phere and, hence, understand the key chemical reactions
previously accessible only under bulk conditions.*® The
concept of contactless merging thus opens new avenues of
chemistry, material science, medical chemistry, and biology to
explore.
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