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Acoustic radiation pressure for a modulated standing wave

The total pressure, P, is the sum of the ambient pressure, Py, and the acoustic pressure, p:

P=Py+p (1)
For a standing wave, the acoustic pressure p and the particle velocities, v, can be written as '
p = A sink,z sinw,t (S2)
A
= ——cosk t S3
v oce cosk,z cosw, (S3)

where 4 is the pressure amplitude, po is the ambient density, co is the speed of sound, £, is the
wavenumber along the central axis of the levitator, and w. the angular frequency of the standing
wave.

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 + m sinw,,t) sinw,t (54)
where Ve is the voltage amplitude of the carrier wave oscillating at the angular frequency w. of
the unmodulated ultrasonic standing wave (wc/2n = 58 kHz), wm is the angular frequency of the
modulation voltage and has typical values in the range of 20 S ww/2n < 40 Hz, and m is the
modulation index (See Figure 1). For the linear operation of the piezoelectric transducer, where
the displacement o applied voltage Vs, the acoustic pressure p is proportional to V.. Owing to the
modulation, equations (S2) and (S3) therefore become:

p = A sink,z sinw.t (1 + m sinw,,t) (55)
A
v = ——cosk,z cosw.t (1 + m sinw,,t) (56)
PoCo

The mean excess pressure, (P — P,), or equivalently the acoustic radiation pressure, Py, is given
by:!

1
(P = Po) = 5= (%) = 5 po(v?) = V) = (K) (57)

where (V) is the time-averaged potential energy density, (p?)/2 poco?, and (K) is the time-
averaged kinetic energy density, p, (v2)/2. Substituting equations (S5) and (S6) into equation
(S7), evaluating the time-average over one period of the ultrasonic wave, 27/®., and making the

accurate approximation that sinw,,t is constant over the one period (®</®m =~ 2000) gives:
2

B.(z,t) = (sink,z — cos?k,z)(1 + 2msinw,,t + m?sin®w,,t) (58)

4poco®
Thus, the amplitude modulation produces a time-independent pressure that levitates the droplet,
and a time-varying pressure with the frequencies of wm and 2wm. The modulation index m is
typically < 1, and so the last term on the right-hand side of equation (S8) is usually much

smaller than the other terms. Finally, we can therefore write:
2

A
P.(z,t) = — 2 cos2k,z (1 + 2m sinw,,t) (59

2
PoCo
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Supporting Tables

Table S1. Q-branch wavenumbers and vibrational mode assignments for bands a*—d* in the FTIR
spectra of the nitric acid droplet (see Figure 4).

Band | Q-branch Q-branch Number Vibrational

wavenumber | Ref. (symmetry) | mode’

(cm™) wavenumber

(em™)?
a* 3551.1+£0.1 3550.0 vi(A") v(OH)
b* 1711.8 £0.1 1711.8 v2(A") Vas(NO2)
c* 1325.15£0.04 | 1324.9 va(A") vs(NO»)
d* 878.5+0.1 878.6 vs(A") ONO
angle deformation

v denotes stretch; s, symmetric; and as, antisymmetric.
YRef 2.

Table S2. Vibrational mode assignments for the new bands (a)—(n) in the FTIR spectra produced
by merging a [BMIM][DCA] droplet and a nitric acid droplet (see Figure 4).

Band | Centre Molecule | Ref. Number Vibrational
wavenumber'’ band centre | (symmetry) mode’
(cm™) (cm™)
a 3715 CO2 3714.8Y vi(cg") + vi(ou") | combination band
b 3612 CO2 3612.8Y vi(og') + va(ou') | combination band
c 3480 N20 3480.8” | vi(c") +vi(c") | combination band
d 3364 N2O 3364.0" 2v2(m) +v3(c") | combination band
e 2797 N20 2798.3" | va(n) +vi(c") | combination band
f 2562 N0 2563.3" 2vi(c) combination band
g 2461 N20 2462.0" vi(c") + 2va(n ) | combination band
h 2349 CO 2349.1% vi(ou') Vas(CO2)
i 2223 N20 2223.8” | vi(c) v(NN)
j 1377
k 1355 NO3 1356.29 vi(e)) v(NO:3) (tentative)
1 1285 N20 1284.9" | vi(c)) v(NO)
m 668 CO 667.4% V2(Tu) 0(CO2)
n 589 N20 5899 va(m ) 0(N20)

fv denotes stretch; 8, bend; and as, antisymmetric.
TTUncertainties less than 1 cm™.
YRef.3, PRef 4, “Ref.’, YRefC.
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Table S3. Wavenumbers and vibrational mode assignments for peaks in the Raman spectra of the
70% nitric acid and 30% water droplet (see Figure 5).

Peak | Wavenumber | Molecule | Ref. Number Vibrational

(cm™) or ion wavenumber | (symmetry) | mode’
(cm™)
a* | =3700-2900 | HNO; 3550.0” Vi(A") v(OH)
H,0

b* 16491 NOs (aq) | 1648” (A" 2 x 8 out-of-plane

c* 1440 + 1 NOs™ (aq) | 1430 v3(E") Vas(NO3)

d* | 1305+1 HNO; 1304 va(A") A1 | vi(NO»)

e* 1043 + 1 NO; (aq) | 1046 vi(A") vs(NO3)

£ 960 + 1 HNO; 955" vs(A') A; | v(N-OH)

g¥ |705+1 NO; (aq) | 720 va(E") 84(0-N-0)

h* | 682+1 HNO:; 688" ve(A') A | 3(0-N-O)

i* 641 + 1 HNO; 640" v7(A") Bi | §(O-N-O),

fv denotes stretch; 8, bend; s, symmetric; and as, antisymmetric.
YRef.2, PRef..
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Table S4. Vibrational mode assignments for the observed peaks in the Raman spectra of
[BMIM][DCA] (see Figure 5). The letters a) - q) correspond to the [BMIM]" peak labels in Figure
5, and v4 - vy are the vibrational mode numbers of the [DCA] anion.

Peak | Present Ref. Vibrational mode
measured wavenumbers | assignments’
wavenumbers | (cm™)

(cm™)

a 3432+2

b 31651 3173% v(C4-H, C5-H) in-phase

c 3142+ 5 3157% v(C4-H, C5-H) out-of-phase

d 3111+ 1 3112% v(C2-H)

e 3000 + 5 3001? vas[CH3(Me)]

f 2962 + 1 2969 vas(CH2,CH3)

g 29371 2942% Vas(CH2,CH3)

h 2914+ 1 2917% vi[CH3(Me)]

i 2876+ 1 28777 vs(CHa)

vJ[CH3(Bu)]

j 28352 2840? vs(CHa)

k 2740 + 1 Combination band

ve+v7 | 2236+ 1 2228 Fermi enhanced vy(N-C) + v,5(N-C)

combination band

Vo 21921 21929 vi(C=N) (A1)

Vs 21341 21339 vas(C=N) (B2)

1 1573 1 1568 v(C=C)

vas(N1C2N3), r(C2H)
m 1457 + 1 1464% 8s(CH3)

3| CH3(Me)]
n 1448 + 1 14489 8.s[CH3(Bu)]

8y(CH,)

8. CH3(Me)]

0 1422+ 1 14219 8[CHs(Me)]

8(CH2),Vring

p 1392+ 1 13919 w(CH>)

vas(C2N1C5)

q 1341+ 1 1342Y V(N-Bu, N-Me, breathing)

r 1312+ 1 1311% w(CH>)

V7 13099 vas(N—C) (B2)

s 1281 +£2 1286" r(C-H), t(CH,)

t 1254 +2 1254% t(CHp), r(C2-H)

u 1213+ 1 1212% t(CHy), r(C2-H)

v 1170 £2 11739 v(N-Bu, N-Me), r(C-H)

w 1115+ 1 11179 r(CH3), r[CH3(Bu)]

X 1088 + 1 1093? 1(C-H)

v(C-C)

y 1052+ 1 1057? v(C-0)
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z 1023 £ 1 1022-1036” | ying
1015-1020° | breathing, v(N-Bu, N-Me)
(theoretical
values)
a 974 +2 976" vas(C-C)
b 944 + 3 951% r[CH3(Bu), CH;]
y(C2-H)
c 905 + 1 907% v(C-C)
Ve 904° vi(N—C) (A))
d 8811 884% v(C-0)
e 823 + 1 825% ¥(C4-H, C5-H)
vy(C-C-C)
f 804 +2 810? vy(C-C-C)
g 755 £2 765% r(CH,)
h 736 £2 7349 r(CH>)
y(C4-H, C5-H)
v(N-Me, N-Bu)
i 690 £ 20 6999 v(N-Me, N-Bu)
Vs 662 + 1 666° 3(CNC) (A)
i 650 £ 10 658" v(N-Me, N-Bu)
k 619+1 624" y(N-Bu), ring puckering
1 598 +£2 601% S(N1-C2-N3)
V4 536+ 1 5249 1s(N—C=N) (A,)
m 505+2 5019 3(N-C-C, C-C-C)
n 470 + 4 4739 3(N-C-C, C-C-C)
0 427+ 4 4359 r(N-Bu, N-Me)
3(N-C-C, C-C-C)
p 408 + 2 4159 r(N-Bu, N-Me)
q 322+ 1 325% 8(C-C-C)

v denotes stretch; 8, bend; w, wagging; t, twisting; r, rocking; v, out-of-plane; s, symmetrical; as,
antisymmetrical; Me, methyl group; and Bu, butyl group.
YRef.?, PRef?, “Ref. 0.
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Table S5. Wavenumbers and vibrational mode assignments for the new peaks (1) - (4) in the
Raman spectrum produced by merging a [BMIM][DCA] and a nitric acid droplet (see Figure 5).

Peak | Merged Functional Region | Vibrational mode
droplet group or (cm™) | assignments”
measured molecule
wavenumber
(cm™)

1 2260 +2 -C=N 2240- | C=N str.

2260 (tentative)
Organic nitrites, N=O str.

2 1693 + 1 trans-form 1680- | primary ~ 1675cm™ ,

3 1661 +2 R I\I 1650 secondary ~ 166501m'1,

4 1631 +2 \o_/ \O VS tertiary ~ 1625cm’.

Carbonyl group 1850- | C=O str.
1550
C=0

JRef, !

S7



Supporting Figures
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Figure S1. Left: Structure of [BMIM][DCA] showing the [DCA] anion and the positions of the
methyl (—CH3) and butyl (—CsHo) functional groups on the imidazolium ring (C3N2H3). Right:
Optimized structure of [BMIM][DCA] displaying the numbering convention for the positions of
the atoms in the imidazolium as used in Table S4.
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Figure S2. UV-visible reflectance spectra the [BMIM][DCA] droplet, the nitric acid droplet, and
the droplet of [BMIM][DCA] merged with nitric acid corresponding to Figure 3. Each of the
three samples has strong absorption bands from 200 nm to 400 nm. For [BMIM][DCA], the
region of high absorption extends to longer wavelengths into the violet-green region from 400
nm to 560 nm. After merging, there is a significant increase in the reflectance (or reduction in the
absorption) in the violet to green region, so that the reflectance is approximately constant across
the visible range from 400 nm to 700 nm, which is a consequence of the appearance of the white
precipitate. Full interpretation of the UV-visible spectra will require calculation of electronic
spectra for the [BMIM][DCA] and the white precipitate.
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(b)

Figure S3. Axisymmetric vibrational modes with (a) /=3 and (b) / = 6 [equation (4)].
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Supporting Text

A. Non-Reactive Mixing of Ethanol and Water

To demonstrate the feasibility of the merging technique, we levitated and merged droplets of water
and ethanol. Photographs of a 2.0 mm X 1.3 mm ethanol droplet levitated above a 2.5 mm x 1.5
mm water droplet and the 3.0 x 2.0 mm merged droplet are shown in Figure S4. A film of the
merging process is shown in Movie S2. Raman spectra of the ethanol, water, and merged droplets
are presented in Figure S5. Clearly, the Raman spectrum following the coalescence is the sum of
the separate Raman spectra of ethanol and water thus demonstrating that the two droplets have
merged. The vibrational modes for the ethanol peaks a - q and the water peaks a* - c* are assigned
in Table S6 and agree with literature values of and ethanol'> '3 and water,'* respectively. Briefly,
the water peaks a* - c¢* arise from O-H stretches, whereas the ethanol peaks a - q can be linked to
the symmetric and antisymmetric stretches of the methyl (-CH3) and methylene (-CHz) groups. In
the merged spectrum, the O-H stretching fundamental vibrational modes of ethanol are hidden by
the O-H fundamental modes of the water molecule. The corresponding FTIR and UV-visible
spectra of the ethanol droplet, water droplet, and merged droplet are shown in Figures S6 and S7,
respectively.

Figure S4. Photographs of (a) an ethanol droplet levitated above a water droplet and (b) the merged
droplet.
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Figure S5. Raman spectra of the ethanol droplet, water droplet, and merged droplet. The wave-
numbers and vibrational mode assignments for the labelled peaks are presented in Table S6.
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Figure S6. FTIR spectra of the ethanol droplet, water droplet, and merged droplet shown in Figure
S4.
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Figure S7. UV-visible spectra of the ethanol droplet, water droplet, and merged droplet shown in
Figure S4.
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Table S6. Wavenumbers and vibrational mode assignments for peaks in the Raman spectra of the

(1) ethanol, (ii) water, and (iii) merged droplets shown in Figure S5.

(i)

(i)

Peak | Wavenumber | Ref. Vibrational
(cm™) wavenumber” | mode’
(cm™)

a 33892 3393% vi(4") v(OH)

b 3217+3 32207 vi(4") v(OH)

c 2974 + 1 2973 Vas(CH3)
v(gauche-CH>) in-plane

d 2929 + 1 2930 vs(CH3)
Vas(trans-CHy)
FR(CH,)

e 2878 1 2876 FR(CH3)
vs(trans-CHy)
v(gauche-CH,) out-of-plane

f 2748 £ 1 27709 Overtone

g 2715+ 1 27309 Overtone

h 1492 + 1 1490.29 3(CH,)

i 1459 + 1 1463.59 8.(CH3)

1445.89 3.(CH3) A"

j 1422 +7 1411.79 w(CH>)

k 1278 + 1 1274.89 tw(CHy) A"

1256.39 5(OH)

1 1123 +£2 1139.99 r(CH,)+r(CH3) A"

m 1090 + 1 1090.79 v(CCO)+r(CH3)

n 1048 + 1 1027.79 v(CCO)+r(CH3)

0 879 + 1 887.69 v(CCO)

p 808 £ 1 8129 r(CH,)+r(CH3) A"

q 431+ 1 4229 5(CCO)

Peak | Wavenumber | Ref. Vibrational
(cm™) wavenumber | mode’
(cm™)
a*  [3602+1 3628Y vi(4") v(OH)
b* | 3414+1 33939 vi(4") v (OH)
c* 32011 32207 vi(4") v(OH)
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(iii)

fv denotes stretch; 5, bend; w, wag; r, rock; tw, twist;

antisymmetric.

Peak | Wavenumber | Ref. Vibrational
(cm™) wavenumber | mode’
(cm™)

a* 36003 3628 vi(4") v(OH)

b* | 3401 +2 3393% vi(4") v(OH)

c* 3190 +£2 32207 vi(4") v(OH)

c 2979 + 1 2973 Vas(CH3)
v(gauche-CH,) in-plane

d 2936 + 1 2930 vs(CH3)
vas(trans-CH>)
FR(CH»)

e 2890 + 1 2876" FR(CH:)
vs(trans-CH»)
v(gauche-CHb») out-of-plane

g 2735+2 27309 Overtone

h 1481 1 1490.29 3(CH,)

i 1450 + 1 1463.59 8.(CH3)

1445 +2 1445.89 8(CH3) A"

j 1411.79 w(CH>)

k 1272 +1 1274.89 tw(CH,) A"

1256.39 3(OH)

1 1105+9 1139.99 r(CH,)+r(CH3) A"

m 1077 £ 1 1090.79 v(CCO)+r(CH3)

n 1040 + 1 1027.79 v(CCO)+r(CH3)

0 874 + 1 887.6% v(CCO)

p 819+3 8129 r(CH,)+r(CH3) A"

q 442 +1 4229 3(CCO)

YRef.', PRef.!?, ORef.", YRef.15.

S15
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B. Aqueous Acetic Acid and Sodium Hydroxycarbonate Reaction

As a benchmark of a reactive system, we investigated the acid-base reaction between acetic acid
(CH3COOH) and sodium hydroxycarbonate (NaHCOs3) in aqueous solution, which forms sodium
acetate (CH3COONa), carbon dioxide (CO2), and water (H20) via a carbonic acid (H2CO3)
intermediate:

NaHCO3 + CH3COOH — CH3COONa + H2CO3 — CH3COONa + H20 + CO2(g) (S10)

Photographs and a film illustrating the three main stages of the experiment are presented in Figure
S8 and Movie S3, respectively. First, a 2.0 mm x 1.3 mm droplet of aqueous acetic acid (10%
CH3COOH by vol.) was levitated above a 2.1 mm x 1.5 + 0.1 mm droplet of saturated, aqueous
sodium hydroxycarbonate solution (9.6% NaHCOs by wt.). Second, after merging, the carbon
dioxide bubbles caused the droplet to enlarge significantly to 3.4 mm x 2.6 mm, which is only
slightly below the limit of the acoustic trapping potential. Finally, the carbon dioxide bubbles
escaped to leave a 2.8 mm X% 2.1 mm droplet containing the newly formed sodium acetate in
aqueous solution. The gas bubbles released into the volume surrounding the droplet were probed
by FTIR spectroscopy. In the resulting FTIR spectra shown in Figure S9, carbon dioxide bands are
observed with centre wavenumbers of 2,349 cm™ and 668 cm™ corresponding to the vi(cu®)
asymmetric stretching mode and the v2(mu) bending mode of COz, respectively.®>

Figure S8. (a) a 10% acetic acid and 90% water droplet levitated above a droplet of sodium
hydroxycarbonate-water solution and (b) the enlarged droplet containing carbon dioxide bubbles
formed after the two droplets coalesced.
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Raman spectra of the aqueous acetic acid, aqueous sodium hydroxycarbonate, and merged
droplets are shown in Figure S10. The vibrational modes corresponding to the peaks in each of the
three spectra are assigned in Table S7. The acetic acid spectrum was interpreted by comparison
with the 18 Raman and infrared active, normal vibrational modes of the CH3COOH molecule in
aqueous solution;'® whereas the sodium acetate spectrum was assigned based on the 15 normal
modes of the CH3COO" ion.!® For sodium hydroxycarbonate in aqueous solution, the Raman
spectrum was explained by reference to the nine normal modes of the HCOs ion.!” The
correspondence between the present and reference wavenumbers for the acetic acid, sodium
hydroxycarbonate, and sodium acetate permits the unambiguous assignment of the vibrational
modes for each droplet, and the few minor differences can be attributed to variations in the
positions and intensities of the Raman bands with changes in the concentration of the solute.!% 17
As the two droplets coalesced, a new peak (g) appeared in the merged Raman spectrum at 927 cm”
!, which is assigned to the vs(A') C-C stretching mode of the acetate anion (CH3COO") product.
Simultaneously, the peak at 1,017 cm produced by the vs(A') C-OH stretching mode of the
hydroxycarbonate anion (HCO3") reactant (corresponding to peak (h) the middle panel) vanished.
Similarly, the peak at 927 cm™ linked to the vio(A') C-C stretching mode of the acetic acid reactant
(corresponding to peak (k) in the top panel) reduced although, in contrast to the sodium
hydroxycarbonate, retained a significant amplitude following completion of the reaction. Thus, all
the sodium hydroxycarbonate (or limiting reactant) reacted with the acetic acid to produce sodium
acetate via reaction (S10), although small quantities of unreacted acetic acid (or excess reactant)
remained.

The UV-visible spectra of the droplets are shown in Figure S11. Each droplet before and after
the merging is mostly composed of water; therefore, the characteristic shape of the water
reflectance spectrum dominates. For the acetic acid sample, however, a broad absorption band
occurs at wavelengths below 250 nm. This band is produced by the ©* 1'A" «<— no 1'A’ transition
of the carbonyl moiety of acetic acid for which the onset of the absorption occurs close to 250
nm.'® The presence of this UV absorption band for the merged droplet confirms that excess acetic
acid remains and supports the findings of the Raman spectroscopy.
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Figure S9. FTIR spectra of the 10% acetic acid and 90% water droplet (top panel), the droplet of
water-sodium hydroxycarbonate solution (middle panel), and the merged droplet (bottom panel)
corresponding to Figure S8. The carbon dioxide peaks produced by the bubbles visible in Figure
S8b are labelled together with the spectral regions of the water lines.
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Figure S10. Raman spectra of 10% acetic acid and 90% water (top panel), water-sodium
hydroxycarbonate solution (middle panel), and the merged droplet (bottom panel). The
wavenumbers and vibrational mode assignments for the prominent peaks are presented in Table
S7.
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Figure S11. UV-visible reflectance spectra of the 10% acetic acid and 90% water droplet, the
droplet of water-sodium hydroxycarbonate solution, and the merged droplet corresponding to
Figure S8.
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Table S7. Wavenumbers and vibrational mode assignments for peaks in the Raman spectra of 1)
10% acetic acid and 90% water, ii) water-sodium hydroxycarbonate solution, and iii) the merged
droplet shown in Figure S10.

)
Peak | Wavenumber | Molecule Ref. Number Vibrational
(cm™) wavenumber’ | (symmetry) | mode’
(cm™)
a 3416 +1 H,0 33939 vi(A") v(OH)
b 3203 + 1 H,0 32209 vi(A") v(OH)
c 2943 + 1 CH;COOH (aq) | 2944 vi(A") v(CH3)
d 2093 + 6 H,0
e 1716 + 1 CH;COOH (aq) | 1712.5” va(A") v(C=0)
f 1655 +2 H,O 1641? va(A") 5(OH)
g 1432 + 1 CH;COOH (aq) | 1438 vis(A") 8.s(HCH,)
1417 vs(A") 5(HCH,)
h 1367 + 1 CH;COOH (aq) | 1364 v7(A") v(C-0) +
3(COH) + §(CHs)
i 1298 + 1 CH;COOH (aq) | 1296 vs(A") 3(C-0-H)
i 1013 + 1 CH;COOH (aq) | 1017% vo(A") vs(CH3)
k 889+ 1 CH;COOH (aq) | 893 vio(A") v(C-C)
1 621+ 1 CH;COOH (aq) | 627.5 vig(A") 1(OH)
m 455+ 1 CH;COOH (aq) | 460.5% via(A") 8(C-C-0) in-plane
ii)
Peak | Wavenumber | Molecule Ref. Number Vibrational
(cm™) wavenumber’ | (symmetry) | mode’
(cm™)
a 3420+ 1 NaHCO:s (aq) | 3390° Vvi(A") v(OH)
H,O 33939 vi(A") v(OH)
b 3213 £2 H,O 32209 vi(A") v(OH)
c 211149 H,O
d 1650 +2 H,0 1641? va(A") 3(OH)
NaHCO:s (aq) | 16309 va(A") vas(CO)
e 1367 + 1 NaHCO; (aq) | 13609 vi(A") vs(CO)
f 1336 + 1 NaHCO; (aq) | 13029 va(A") S(HOC)
g 1066 + 1
h 1017 £ 1 NaHCO:s (aq) | 10179 vs(A") v(C—OH)
i 817+ 3 H,O 795% B, Librational
NaHCO:;s (aq) | 8419 vs(A") ¥(CO»)
j 671 +2 NaHCO:; (aq) | 6729 ve(A") 3(COy)
k 631 +2 NaHCO; (aq) | 6329 v7(A") w(OC—(OH))
1 456 +2 H,0 4307 A, Librational
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iii)

Peak | Wavenumber | Molecule Ref. Number Vibrational mode’
(cm™) wavenumber’ | (symmetry)
(cm™)
a 3418+ 1 H,O 3393% vi(A") v(OH)
3208 £ 1 H,O 32209 vi(A") v(OH)
c 2940 + 1 NaCH;COa(aq) | 2935.5” va(A") vs(CH3)
CH3;COOH (aq) | 2944 vi(A") v(CH3)
d 1641 =5 HO 1641 Va(A") 3(OH)
e NaCH;COx(aq) | 1440 va(A") 8(CH,)
1423 + 1 1426” Vi2(A") §(CH,)
1413.5% vs(A") vy(CO)
f 1353+ 1 NaCH;COax(aq) | 1347.6” V(A" 5(CH3)
g 927 + 1 NaCH;COa(aq) | 928.4" vs(A") v(C-0)
h 891 + 1 CH;COOH (aq) | 893 vio(A") v(C-C)
i 810+2 H,0 795 B, Librational
j 634+ 1 NaCH;COa(aq) | 654.2° Vo(A") 8(COy)
620.7 via(A") 1(COy)
k 466 + 2 NaCH;COa(aq) | 474” vio(A") 1(CO»)
H,0 430? A, Librational

v denotes stretch; 8, bend; w, wag; 1, torsion; r, rock; y, out-of-plane; s, symmetric; and as,
antisymmetric.
dRef.!4 PRef.!¢, IRef.!?, DRef.!.
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C. Merging of a solid particle and a liquid droplet: Water droplet and a copper sulfate
crystal

To demonstrate the feasibility of merging a solid particle and a liquid droplet using the present
method, we studied the coalescence of a copper sulfate crystal and a water droplet. The experiment
also illustrates the capability of our apparatus to dehydrate the merged samples, and the colour
changes following the dehydration of copper (II) sulfate are ideal to show how UV-visible
spectrometer system can discern chemical changes. Photographs of the four steps in the experiment
are presented in Figure S12. A film of the merging process is shown in Movie S4. First, a blue
copper sulfate pentahydrate crystal (CuSOs4-5H20) is levitated above a water droplet with
dimensions of 2.8 mm % 1.2 mm and 2.1 x 1.6 mm, respectively. Second, the crystal and droplet
are merged and, over a period of a few minutes, the crystal dissolves in the water to form water-
copper sulfate solution with a dimension of 2.7 mm x 1.6 mm. Third, the droplet of the solution
evaporates in the anhydrous argon atmosphere to reform the CuSOs-5H20 crystals. Finally, the
blue pentahydrate crystal is dehydrated by heating with a carbon dioxide laser thereby producing
a white copper sulfate crystal. Raman spectra of the water-copper sulfate solution, the
CuSO04+5H20 crystal produced following the evaporation, and the white dehydrated copper sulfate
crystal are shown in Figure S13. The wavenumbers and vibrational mode assignments for the
prominent, labelled peaks in the Raman spectra for the three stages are compiled in Table S8. The
solvation in water and the thermal decomposition of copper sulfate pentahydrate are well
understood. Copper sulfate dissolves in water to give the aqueous ion, [Cu(H20)s]*".2° When
heated, CuSO4-5H20 loses water in three stages at well-defined temperatures:*!
CuSO,"5H,0 — CuSO,-3H,0 at 66 - 67 °C

— CuSO,"H O at91 - 93 °C
— CuSO, at 220 - 223 °C

Each dehydration step has been studied by thermo-Raman spectroscopy and the vibrational modes
of each molecule assigned.?!" 2> Briefly, the structures in the high Raman-shift region above
approximately 3000 cm™ are produced by O-H stretches of the H2O molecules within the hydrated
crystal, whereas the peaks below 1200 cm™ are attributed to the vi, v2, v3, and v4 symmetric
stretching modes of SO4*". In Figure S13, the reduction in amplitude of the O-H peaks relative to
the SO4> peaks provides clear evidence for dehydration. The Raman spectrum for each hydration
state is distinct and so can be used as a “fingerprint” to determine the water content, n, of the
CuSO4-nH20 molecules, where n = 5, 3, 1, or 0. As Table S8(ii) shows, the blue crystal
photographed in Figure S12c is in the CuSO4-5H20 hydration state. The wavenumbers for the
Raman peaks of the white crystal correspond closely to the values for CuSO4-H20 (see Table
S8&(iii)), although the peak at 1010 cm™! suggests that some CuSO4-3H20 remains.

In Figure S14, we present the corresponding UV-visible reflectance spectra of the water droplet,
water-copper sulfate solution, CuSO4¢5H20 crystal, and CuSO4¢H20 crystal. The dehydration of
copper (II) sulfate has been studied by diffuse reflectance spectroscopy in the 300 nm to 1000 nm
wavelength range.?® In contrast to the monotonic decrease in the reflectance for water as the
wavelength increases, absorption bands occur for the copper-sulfate containing samples that
change with the hydration state. First, as the water-copper sulfate solution is progressively
dehydrated, the Cu(3d t2 - 3d eg) absorption maximum?? shifts from approximately 650 nm to
800 nm and the width of the absorption band reduces. The red shift and narrowing of the d-d band
correlates with change of sample colour from blue to white. Second, a broad, relatively weak
absorption band appears at around 500 nm for the CuSO4*H20. Third, strong absorption is evident
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in the UV region, which shifts to longer wavelengths as the CuSO4¢5H20 transforms into
CuSO4H20. Further details and possible band assignments are discussed in Ref.?.

Figure S12. Photographs of (a) a copper sulfate crystal (CuSO4¢5H20) and water droplet levitated
in adjacent pressure minima, (b) a droplet of water-copper sulfate solution formed after the crystal
and droplet in (a) merged, (c) a CuSO4*5H20 crystal produced after the droplet in (b) evaporated
in the dry argon atmosphere, and (d) the white copper sulfate (CuSO4°H20) crystal made by
dehydrating the blue crystal in (¢) using a carbon dioxide laser
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Figure S13. Raman spectra of water-copper sulfate solution (top panel), CuSO4¢5H20 (middle
panel), and CuSO4+H20 (bottom panel) corresponding to the photographs (b), (c), and (d) in Figure
S12, respectively. The wavenumbers and vibrational mode assignments for the prominent peaks
are presented in Table S8.
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Figure S14. UV-visible reflectance spectra of water, water-copper sulfate solution, CuSO4-5H-0,

and CuSO4-H2O.
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Table S8. Wavenumbers and vibrational mode assignments for prominent peaks in the Raman
spectra of the (i) water-copper sulfate solution, (ii) blue copper-sulfate crystals, and (iii) white
copper-sulfate crystals shown in Figure S12.

(@)

Peak | Water-CuSO; solution | Ref. Ref. Vibrational mode
wavenumber wavenumber* | hydration
(cm™) (cm™) state’

a 34172 3477 CuSO4+5H,0 | O-H stretch

b 3228+3 3201% CuS04°5H,0 | O-H stretch

c 1638 +3 No assignment

d 1112+1 11449 CuS0425H,0 | v3(SO4%) sym. str.

1094%

e 982 + 1 986% CuS0425H,0 | vi(SO4*) sym. str.

f 616 + 1 617" CuS0425H20 | v4(SO4*) sym. str.

g 448 £ 1 462" CuS0425H,0 | v2(SO4*) sym. str.

TUsed CuSO4¢5H20 in absence of Raman spectra and assignments for water-CuSOs solution.

(i1)

Peak | Blue-crystal | Ref. Ref. Vibrational mode
wavenumber | wavenumber® | hydration
(cm™) (cm™) state

a 3456 + 4 34777 CuS045H,0 | O-H str.

b 33472 33429 CuS045H,0 | O-H str.

c 31912 3201% CuS04+5H;0 | O-H str.

d 1650 + 3

e 1574 + 6

f 1147 £2 11449 CuS0425H,0 | v3(SO4%) sym. str.

g 1099 + 3 1094"

h 986 + 1 986 CuS0425H,0 | vi(SO4*) sym. str.

i 884 +1

j 619 £ 1 6179 CuS0425H,0 | v4(SO4*) sym. str.

k 464 + 1 462" CuS0425H,0 | v2(SO4*) sym. str.
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(iii)

Peak | White-crystal | Ref. Ref. Vibrational mode
wavenumber | wavenumber® | hydration
(cm™) (cm™) state
a 1543 + 1
b 1206 + 1 1206” CuSO4H20 | v3(SO4%) sym. str.
c 1098 + 1 1097” doublet
d 1043 £ 1 1044 CuSO4H,0 | vi(SO4%) sym. str.
e 1010 + 1 1019 doublet
e 1010 + 1 1009” CuS0423H,0 | vi(SO4*) sym. str.
f 825+ 3
g 658 +2 670 CuSO4+H,0 | v4(SO4*) sym. str.
h 616+2 622" doublet
i 508 +£2 5129 CuSO4H,O | v2(SO4>) sym. str.
j 416+ 1 426" doublet
k 345+ 1 348% CuS0O4*H,O | lattice mode

“Ref.??, PRef.?!
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Supporting Videos

Movie S1

A video showing the merging of a nitric acid droplet and a [BMIM][DCA] droplet.
Movie S2

A video showing the merging of an ethanol droplet and a water droplet.

Movie S3

A video showing the merging of an aqueous acetic acid droplet and a droplet of saturated, aqueous
sodium hydroxycarbonate solution.

Movie S4

A video showing the merging of a copper sulfate crystal (CuSO4*5H20) and water droplet.
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