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Figure S1: Top view of emulsion inks in their mixing cups, synthesized with ~80.2 v% eGaln, ~19.7 v% and
~0.1v% rosin and shear mixed at 3500 RPM for 10 min. The type of rosin used in each emulsion is indicated
above each picture and the reported acid value number (AVN), an indication of the amount of carboxylic
acids present, is indicated in gray below each image. Emulsions using higher AVN (HX and D140) emulsify
more readily as evidenced by the lack of unmixed eGaln. All rosins were obtained from Teckrez, Inc.
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Figure S2: Liquid metal emulsion ink formulated with 80 v/v% eGaln, DE, gum rosin (untreated), dimethy-
lammonium chloride (DAC) salt and water. (a) Schematic and molecular structures of emulsion ink in-
gredients. When this emulsion is heated, droplets coalesce to conductive network of eGaln droplets. (b-i)
Four-point probe measurement results - coalescence (as indicated by conductivity increase) is initiated at
50°C, and fully conductive at ~ 80°C. Dotted line indicates bulk conductivity of eGaln. (b-ii) Experimental
set-up of for four-point probe electrical conductivity experiment of (b-i). (c) Picture of printed lattice using
emulsion ink and resulting product after being heated at T = 80°C. (d) Effect of tuning DAC activator
concentration in the emulsion (number in lower right of each photo denotes v/v% DAC) The emulsion for-
mulations were comprised of 79 v/v% eGaln, 9.5 v/v% gum rosin (untreated), 8.3 v/v% diphenyl ether and
3 v/v% aqueous DAC salt activator solution. The scale bars on the top left denote lmm. (e) When not
confined by an external shape, the patterned halide salt liquid metal emulsions coalesce into disconnected
eGaln droplets, necessitating a solution for an activator that keeps the eGaln droplets intact.



Supplementary Note 1: Halide salt activator etching chemistry

In halide salt activators, the halogen is readily available for combining with available hydrogen to form
hydrohalide acid for chemical etching. Counter to the free halogen is an organic group, which is typically
amine-based.[1] This amine-based group participates in oxidation-reduction reactions for metal oxide removal
by acting as a hard Lewis base to reduce metal oxides (GagOg, InpO3), which are hard Lewis acids[2] to their
bulk liquid metal form. One proposed scheme for the role of the organic amine in our DAC salt activator is
outlined below, based on the oxidation-reaction reaction that can occur with amines and metal oxides.[1]



Supplementary Note 2: Chemical reaction mechanism for covalent halide-based
LMEs

We propose that eGaln catalyzes the dehalogenation and chemical coalescence through the following reac-
tions. First, previous researchers[3],[4],[5] have shown that hydrogen gas is generated from the reaction of
gallium-based compounds with water, namely:

2Ga+ 3Hy0 — GasO3 + 3Hsy (S2)
2GasO +2H50 — GasO3 + 2H, (83)

We postulate that hydrogen gas (Hz) generated from the aforementioned reactions reacts with our acti-
vator molecule, 2-bromo-2’-chloroacetophenone (2B2¢) — C1CgH,COCH,Br, with the assistance of eGaln as
a catalyst and dehalogenates (i.e., releases the halogens, bromine [Br| and chlorine [Cl]). This is represented
by the following reaction, where 2B2c is converted to acetophenone (C¢H4COCHs2) as hydrobromic acid
(HBr) and hydrochloric acid (HCl) are generated:

ClCgH,COCH3yBr + 2Hy —+ CgH5;COCH3 + HBr + HC1 (S4)

The aforementioned reaction is validated by our NMR results in main Figure 1. EGaln is known to
be a liquid metal catalyst for facilitating many reactions,[6] and our NMR data in Figure S6 with 2B2c
dehalogenation in the presence of eGaln at ambient confirms this.

It is known that acids etch metal oxides, and with our binary liquid metal alloy and dual halogen activator,
the following reactions are possible:

Gay03 + 6 HC1 — 2GaCls + 3H,O (S5)
Gas O3 + 6 HBr — 2GaBrs + 3H,O (S6)
;05 + 6 HCL — 2InCl; + 3H,0 (S7)
In,O3 + 6 HBr — 2GaBr3 + 3H,O (S8)

We posit that, since water is present, the metal halide salts (GaBrs, GaCls, InBrs and InCls, listed in
Equations S5-S8) undergo hydrolysis (some known reactions from references [7], [8], [9],[10] are listed
below):

2 GaCls + 3H20 — GaOHCl; + Ga(OH)2Cl + 3 HC1 (S9)
GaBr; 4+ 2H;0 — GaOOH + 3HBr (S10)

InCl; + HyO — (InOH)Cl, + HCI (S11)

InBrs + HoO — (InOH)Br, + HBr (S12)

These reactions generate HBr and HCI and can perform more oxide etching and thus more droplet coalescence.
The above reactions assume an oxidation state of 3+ for gallium and indium, which is dominant in
water.[11] However, complexation of gallium and indium ions at other oxidation states may also be possible.|[7],[10]
2B2c can also be directly reduced to produce chloride (Cl7) and bromide (Br~) ions, as halogenated
acetophenones have been shown to undergo electrochemical reduction, forming acetylphenyl radicals and
halide ions.[12] In this proposed chemical scheme, gallium (Ga®) or indium (In”) metal would be simultane-
ously oxidized to form metal halide salts (Equations S13 and S14) or metal-hydroxide-halogen complexes

(Equations S15 and S16):

2 Ga® + 3 ClCH,COCH,Br + 3 Hy — GaCls + GaBrs + 3 CgH;COCHs (S13)

2 IHO +3 CIC6H4COCH2BI' +3 H2 — IDClg + IHBI‘3 +3 CGH5COCH3 (814)

4 Ga’ 4 3 CICgH,COCH,Br + 6 H,O — Ga(OH)Bry 4+ Ga(OH)Cly
+ Ga(OH),Br + Ga(OH)2Cl + 3 CgHs COCH3  (S15)



4Tn® 4 3 C1C6H,;COCH,Br + 6 HoO — Tn(OH)Brs + In(OH)Cl
+ IH(OH)QBI' + IH(OH)QCI + 3CgH5COCH3 (816)
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Figure S3: NMR spectra of (i) 2-bromo-2’-chloroacetophenone (2B2c), (ii) diphenyl ether (DE), and (iii)
heated DE + 2B2c. This data shows that DE and 2B2c do not react with one another, based on the presence
of 2B2c peaks and DE peaks present in the heated DE+2B2c¢ spectrum. There is a small water peak present
at ~2.84 ppm on all spectra. The acetone solvent peak is denoted with a (*).

Supplementary Note 3: DE and 2B2c do not react with one another

To understand if diphenyl ether and 2B2c reacted in the ink, they were mixed in the same ratios as used
in the ink and heated together under heat activation conditions. As highlighted in Figure S3, no visual
changes were noticed in the reaction vial and the combined DE + 2B2c 'H NMR spectra, as evidenced by
the display of similar peaks in the individual chemicals spectra.

(i) (ii) (iii) (iv)

Figure S4: Dehalogenation reaction of 2B2c (reaction 1 in main Figure 1 showing more detailed prod-
ucts as suggested by NMR spectra, where () 2B2c, (ii) 2-bromoacetophenone / phenacyl bromide, (iii)
2’-chloroacetophenone / 1-(2-chlorophenyl)ethanone, (iv) acetophenone, hydrobromic acid and hydrochloric
acid.
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Figure S5: NMR spectra of 2B2c¢ when reacted with (i) gallium (Ga), (i) indium (In), (iii) gallium oxide
(Gaz03), and (iv) indium oxide (InyOs). The acetone solvent peak is denoted with a (*). (a) Dehalo-
genation reaction schemes to accompany NMR results (b) showing the reaction products for each metal
catalyzed 2B2c reaction. Molecules are sized according to their relative concentration in the NMR spectra
(e.g. more acetophenone (ACP). Since a high concentration of dehalogenated product (ACP) as well as
dechlorinated product (phenacyl bromide, 2Ba) was found for Ga and In catalyzed reactions, we conclude
that dehalogenation strongly favors metals over the metal oxides.

Supplementary Note 4: Gallium and Indium Catalyze 2B2c Dehalogenation

To determine which components in eGaln were catalyzing dehalogenation, reactivity tests were performed
using gallium (99.99%, Thermo Scientific Chemicals), indium powder (-325 mesh 99.99%, Thermo Scien-
tific Chemicals), indium (III) oxide powder (99.99%, Thermo Scientific Chemicals) and gallium (IIT) oxide
powder (99.99%, Thermo Scientific Chemical) using the same sonication, heating, and sampling method as
described for eGaln. The gallium metal was heated to 30°C to melt prior to use. Figure S5 shows the 'H
NMR spectra for these reactivity tests.

The characteristic peaks of dehalogenation appear when the 2B2c is reacted with gallium and indium,
indicating that both metals can catalyze the reaction. The metal oxides showed far less catalytic activity,
with a large peak at 4.7 ppm signaling the presence of unreacted 2B2c, no de-chlorination peak at 4.5 ppm
and a very small debromination peak at 2.6 ppm, which is likely due to either trace metals in the oxides or
a very low catylitic activity of the oxides themselves[13].
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Figure S6: NMR spectra of 2B2¢ with eGaln overtime. (i) plain 2B2¢ (no eGaln, for comparison), (ii) at
ambient with eGaln on day 0, (iii) at ambient with eGaln on day 2, and (iv) at ambient with eGaln on day
6, and (v) heated with eGaln (7" = 80°C, 1 hour). The acetone solvent peak is denoted with a (*). The
peaks in (ii), (iii) and (iv) are impurities and described in SI Note 4. This data shows the dehalogenation
is catalyzed by eGaln at ambient, but very slowly.

Supplementary Note 5: EGaln-catalyzed Dehalogenation at Ambient Overtime

Figure S6 shows NMR spectra of plain 2B2c¢ (i), 2B2¢ bath sonicated with eGaln and analyzed at different
time points [(ii), (iii) and (iv)], and 2B2c sonicated with eGaln and heated (T" = 80°C, 1 hour). The three
samples [(ii), (iii) and (iv) above] were prepared as follows: 1 g sample of eGaln was combined with 75 yL of
2B2c and was bath sonicated for 3 minutes. This mixture was loaded into a syringe and 0.5 g were added to
an NMR tube with 600 uL of deuterated acetone. NMR measurements were taken at 0, 2 and 6 days with
the same NMR parameters. The sample in (v) was prepared as described in the Experimental Section.

The peak at 4.7 ppm (highlighted in faint orange) decreases over the course of the experiment, demon-
strating the decrease in unreacted 2B2c, while the debromination peak at 2.5 ppm (highlighted in faint red)
increases and levels off. This indicates that the reaction occurs without heating. The peak around 3.38 ppm
corresponds to residual ethanol from glassware cleaning.[14] Additional peaks between 1-2 and 3-4.5 ppm are
likely residual additives and slip agents from the plastic syringe used to transfer the material.[14] The spectra
for plain 2B2c¢ is shown in (i) for comparison. Heat speeds up the reaction ((v) above), as demonstrated by
the similar peak heights on Day 2 in the unheated sample.



(o]
M eGaln o | $on
diphenyl ether Br HO. < ‘ 2 ‘
[ D140 rosin g {
B 2B2c activator 2B;'C dipheny! ether D140 rosin
(DE) (D140)
b C
- 100
>
- 80
(@) A
&, ® Se

o ° 4 ‘\ 60 OO
s/ \ >
% (@]

unattainable Q‘O
emulsions ;40
S
® e o s O 20
/ attainable

g

2 Isi

> ’,’ emuisions

{_a N o8 o o Bo Q
S R I
_—

V% DE

Figure S7: (a) Schematic showing emulsion ink formulation study by fixing the dispersed phase, eGaln, to
~80 v/v% while adjusting the continuous phase — diphenyl ether (DE), D140 rosin (D140) and 2-bromo-
2’chloroacetophenone (2B2c). (b) Ternary diagram for continuous phase (CP) volume concentrations (vep)
showing regions of attainable (black text and symbols) and unattainable (dark red text and symbols) divided
by a line at ~60 vop% DE. (c) Top view of mixing cup containing emulsion inks indicated in b). Generally,
D140 rosin helps to emulsify eGaln, but too much D140 yields nonconductive emulsions. Increasing 2B2c
for a given D140 rosin concentration yields rigid emulsions with unmixed eGaln. The highlighted emulsion
show that D140 is better at creating homogeneous dispersions of eGaln since each emulsion was formulated
at a similar concentration of D140 or 2B2c.
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Table S1: Emulsion continuous phase volume concentrations (vep) shown in Figure S7

Volume concentration
in continuous phase, vgp

(%)

Figure S7 DE D140 2B2c

Ternary

Diagram

Symbol
® 0.00 20.00 80.00
© 20.00 20.00 60.00
© 40.00 20.00 40.00
[ 45.00 0.00 55.00
¢ 48.75 48.75 2.50
< 50.00 50.00 0.00
) 70.00 20.00 10.00
O 80.00 0.00 20.00
B 90.00 0.00 10.00

Supplementary Note 6: Calculation for Volume Concentration in LMEs

The reported volumetric concentration of components in the emulsion inks are calculated using the following
equations:

VeGaln

%Uink eGaln — (817)
’ VeGaln T+ VDE + VD140 + V2B2¢
UDE
PoVink, DE = (S18)
VeGaln T VDE + VD140 + V2B2¢
VD140
JoVink, D140 = (S19)
VeGaln + VDE + UD140 + V2B2¢
V2B2c
JVink,2B2c = (S20)

VeGaln + YDE + UD140 + V2B2¢

To construct the ternary map of continuous phase (CP) components in Figure S7, the volume of eGaln
was not included, as shown in the following equations:

UDE
KoVink = (S21)
ink,DE
UDE + VD140 + V2B2¢
VD140
JoVink, D140 = (S22)
UpE + UD140 + V2B2¢
V2B2¢
JoVink,2B2c = (S23)

UpE + VD140 + V2B2¢

The volume, v;, of an ink component i, is determined by m;/p;, where m is the weighed mass of an ink
component and p is the density of the ink component at T = 25°C.

Figure S7 shows the ternary map of the continuous phase of initial ink formulation exploration. Although
the D140 rosin and 2B2c¢ could both emulsify eGaln, the rosin was better than 2B2c at dispersing eGaln.
This can be seen in Figure S7 where a homogeneous emulsion was achieved when formulated with a
continuous phase consisting of 50 v/v% D140 and 50 v/v% DE (black open diamond), while a mixture
containing a continuous phase consisting of 55 v/v% 2B2c and 45 v/v% DE (red square with ‘X’) yielded a
nonhomogeneous, two-phase mixture. This may be due to the more reactive interaction that 2B2c has with
eGaln (either through dehalogenation and/or chemical etching of the oxide). Although the D140 rosin was
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better at emulsification (likely due to the presence of carboxyl groups which have an affinity for binding with
eGaln[15]) inclusion of 2B2¢ was necessary for yielding conductive formulations.
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Figure S8: Additional XPS data for emulsion before and after being heated
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Figure S9: XPS data for eGaln exposed to HBr at T = 80°C
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Table S2: Standard enthalpies of formation for reactants and products involved in chemical etching reaction.

Compound AHf (kJ/mol) Ref.

Ga203 -1089.1 [16}
GaOOH -705.3 7]
Iny O3 -925.8 [16]
GaClg -524.7 [16]
InCl; -537.2 [16]
GaBrg -386.6 [16]
InBrs -428.9 [16]

Table S3: Total mixing times for achieving a homogeneous liquid metal emulsion for 80 v/v% eGaln formu-
lations listed in main Figure 2b.

v% D140 v% 2B2c Mixing times (min) v% D140 v% 2B2c Mixing times (min)

0.00% - - 0.20% 0.00% 10.00
0.05% 10.00 0.05% 12.50
0.09% 10.00 0.09% 12.50
0.13% 15.00 0.13% 12.50
0.25% 15.00 0.25% 17.50
0.50% 25.00 0.50% 15.00
1.00% 27.50 1.00% 25.00
1.50% 35.00 1.50% 35.00
2.00% 20.00 2.00% 45.00
2.50% 17.50 2.50% 20.00
3.00% 30.00 3.00% 20.00
3.50% 12.50 3.50% 12.50
4.00% 10.00 4.00% 17.50
4.50% 15.00 4.50% 15.00
5.00% 5.00 5.00% 10.00
5.50% 5.00 5.50% 10.00

0.10% 0.00% 15.00 0.50% 0.00% 10.00
0.05% 10.00 0.05% 15.00
0.09% 12.50 0.09% 15.00
0.13% 15.00 0.13% 17.50
0.25% 25.00 0.25% 30.00
0.50% 22.50 0.50% 32.50
1.00% 27.50 1.00% 20.00
1.50% 35.00 1.50% 17.50
2.00% 30.00 2.00% 22.50
2.50% 17.50 2.50% 15.00
3.00% 20.00 3.00% 15.00
3.50% 15.00 3.50% 15.00
4.00% 5.00 4.00% 7.50
4.50% 5.00 4.50% 5.00
5.00% 5.00 5.00% 7.50
5.50% 17.50 5.50% 5.00

Continued on next page
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Table S3 (Continued from previous page)

v% D140 v% 2B2c Mixing times (min) v% D140 v% 2B2c Mixing times (min)

0.70% 0.00% 15.00 1.25% 0.00% 20.00
0.05% 12.50 0.05% 10.00
0.09% 12.50 0.09% 12.50
0.13% 15.00 0.13% 22.50
0.25% 17.50 0.25% 20.00
0.50% 32.50 0.50% 27.50
1.00% 15.00 1.00% 40.00
1.50% 22.50 1.50% 20.00
2.00% 17.50 2.00% 17.50
2.50% 15.00 2.50% 17.50
3.00% 15.00 3.00% 17.50
3.50% 15.00 3.50% 17.50
4.00% 12.50 4.00% 10.00
4.50% 12.50 4.50% 12.50
5.00% 5.00 5.00% 5.00
5.50% 5.00 5.50% 5.00

0.90% 0.00% 10.00 2.00% 0.00% 12.50
0.05% 15.00 0.05% 12.50
0.09% 17.50 0.09% 17.50
0.13% 17.50 0.13% 20.00
0.25% 20.00 0.25% 20.00
0.50% 20.00 0.50% 32.50
1.00% 25.00 1.00% 25.00
1.50% 25.00 1.50% 20.00
2.00% 20.00 2.00% 22.50
2.50% 17.50 2.50% 15.00
3.00% 17.50 3.00% 15.00
3.50% 15.00 3.50% 15.00
4.00% 12.50 4.00% 7.50
4.50% 10.00 4.50% 7.50
5.00% 7.50 5.00% 5.00
5.50% 5.00 5.50% 5.00
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Figure S12: Droplet size distribution of eGaln droplets in unheated 0.7 v/v% D140 emulsion inks with
varying concentration (0, 2.5, and 4.5 v/v% 2B2c) All emulsions were mixed at 3500 RPM for 15 minutes.
Droplet diameter was obtained through image analysis using FIJI (ImageJ) as described in the methods
section.
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start

d=0.055-0.1, n = 3, iterations = 500

d =0.01, n = 3, iterations = 500

end

Figure S13: Process flowchart for calculating conductivity of amorphous geometry, which supports the Ink
Conductivity Testing and Analysis text in the Experimental Section. Derivation of the equation used for
calculating electrical conductivity (o) is described in SI Note 6.
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Supplementary Note 7: Derivation of Discretized Form of the Resistivity Equa-
tion

We define the resistance measurement of the trace, R,,cqs as a series of N discrete resistors R; represented
by slices of length [; of the trace:

Rmeas - Z Rz (824)

Plugging in the definition of resistivity (p) into R;, Equation S24 then becomes:

a pili
Rieas = Zl Az

(S25)

If we assume that (p) is constant throughout the whole trace if we use the same slice thickness (1), then
we can write p; = p and [; = [ and Equation S25 becomes:

AR
Rmeas = Pl § X (826)
i=1 """

To calculate conductivity (o), Equation S26 is then rearranged as follows, which is used in the workflow
in Figure S13:

UZ%Z Ly L (s27)

Rmeas - 7
i=1
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Supplementary Note 8: Estimation of 2B2c Concentration Assuming 100 and
50% Dehalogenation

To estimate the amount of 2B2c needed to react with all the oxides in an 80 v/v% liquid metal emulsion,
we consider two cases: (1) 100% dehalogenation, where both bromine (Br) and chlorine (Cl) are completely

removed, and (2) 50% dehalogenation (100% debromination) where only Br is removed. We assume an
emulsion with liquid metal (LM) droplets as spheres (Figure S14) and a 3 nm oxide.[18]

Liquid metal (LM) droplet

reGaIn,dropIet

D sroplet = 26-51HM
Figure S14: Dimensions of ideal eGaln droplet in 80 v/v% liquid metal emulsion. The diameter of the
droplet (Dgroplet) Was taken from mean droplet diameter calculated from Figure S12.

For each case, the amount of required 2B2c is calculated stoichiometrically by first determining the total
number of moles of gallium oxide (Nga,04,t01) through the following equations assuming a total volume
(Viot) of 1 mL:

mGa203, tot
NGagOg,, tot — M — (828)
GaQO3
MGay03,t0t — Mdroplet X MGay03,droplet (829)
MGay03,droplet = PGaz03 X VGaQO3,droplet (830)

VGagOg,droplet = VLM droplet — V;Galn,droplet
4 4 (S31)

_ 3 3
- 37TTLM droplet — gﬂ-TeGaIn,droplet

TeGaln,droplet = TLM droplet — tGay03 (832)

1% 0.8 x V;
Ndroplet = LM = fot (833)

VLM droplet 2 3
3 LM droplet

where the variables and values for Equations S28 - S33 are listed in Table S4 and the total number of
moles of GasO3 to react is 1.87 x 10~° moles.
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Table S4: Variables and values used in Equations S28 - S33.
calculations. Calculated values assume a total emulsion volume of 1 cm?.

Italicized values are constants used in

Variable Description Value Units

NGay0s tot Total moles of GasO3 1.87 x 107° mol

MGay0s, tot Total mass of GayOs3 3.50 x 1073 g

Maay04 Molar mass of GayO3 187.44 g mol~!
Number of LM droplets

Ndroplet e ion P 8.20 x 107 droplets
Volume of liquid metal in total emulsion 3

Vim in emulsion 0.8 o

Viot Total emulsion volume 1.0 cm?
Mass of GasQO3 in a droplet of eGaln, _ _

MGay03,droplet assuming ngroilet _ 26.5p1,um 4.26 x 1011 g droplet 1

PGas0s Density of GagOg 6.44 gcm™3

VGas05,droplet ~ Volume of GagOs3 in one droplet 6.62 x 10712 cm? droplet !
Volume of liquid metal droplet _ _

VLM droplet (cGaln + ox? de) P 9.76 x 107  cm? droplet—!
Volume of eGaln 9 3 1

VeGaln droplet in one droplet (no oxide) 9-75 < 10 em* droplet
Radius of liquid metal droplet

"LM droplet (eGaln + oxide) 13.255 pm

, Radius of eGaln 13.952 m

eGaln.droplet ) Ji4uid metal droplet (without oxide) ' H
tGas0s Thickness of oxide 3[18] nm

Case 1: 100% Dehalogenation
In 100% dehalogenation, we assume the following dehalogenation and oxide etching reactions:

Gas O3 + 3HBr + 3HCI — GaBrs + GaCls + 3H,0O (835)

The molar ratio of 2B2c:GasO3 can be seen from Equations S34 and S35 above to be 3 moles 2B2¢ : 1
mole GazOs3. Thus, the estimated 2B2¢ concentration (v/vapac,100%) to remove all oxides is:

\% N- x M- 1 3 X N, x M- 1
V/V2B2C,100% _ 2B2c¢ _ 2B2c¢ 2B2c _ Gaz0Ogs,tot 2B2c¢ . _ 082%

Vvtot Vvtot Vvtot

where Nops is the calculated number of moles of 2B2c to react, Mapga. is the molar mass of 2B2¢ (233.49 g
mol 1), and popac is the density of 2B2c (1.602 g cm™3).

(S36)

P2B2c P2B2c

Case 2: 50% Dehalogenation (100% Debromination)
In 50% dehalogenation, we assume the following dehalogenation and oxide etching reactions:

C1CeH,COCH,Br + 1.5 H, — ClCgH,COCH, + HBr (S37)
Gas05 + 6 HBr + 3HCl — 2 GaBr; + 3H,0 (S38)

The molar ratio of 2B2c:GasO3 can be seen from Equations S37 and S38 above to be 6 moles 2B2c : 1
mole GayO3. Thus, the estimated 2B2c concentration (v/vapac,50%) to remove all oxides is:

_ Vapac

V/Vapae 5070 = =
© ‘/tot

Napac X Mapac

1 o 6 x NGagOg,tot X MQBQC . 1

= 1.63%
‘/tot ‘/tot !

(S39)

P2B2c P2B2c
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Figure S15: Comparison of LME to other researched liquid metal conductors (highest reported conductivity
plotted). Dotted lines indicate conductivity values for the stated bulk metal. Schematics in each subplot
show how each liquid metal conductor is classified.

Table S5: Electrical conductivity (S/cm) of liquid metal-based conductors shown in Figure S15

1D Type Electrical Conductivity (S cm™1) Reference
PDMS Encased 2.41 x 10* [19]
SEBS fiber Encased 3.33 x 10* [20]
PVP Composite 1.07 x 103 [21]
Silver Composite 8.33 x 103 [22]
Fiber Mat Composite 1.80 x 104 [23]
Nickel Composite 3.90 x 10% [24]
Evaporation Emulsion 1.48 x 103 [15], [25]
Laser Emulsion 1.68 x 103 [26]
Freeze Emulsion 5.00 x 103 [27]
High temperature (biphasic)  Emulsion 2.06 x 10* [28]
Acoustic Emulsion 2.10 x 10* [29]
Mechanical Emulsion 2.25 x 10° 130],[31],(32],[33],[34],[35,[27].
Chemical Emulsion 2.40 x 10* This work
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Figure S16: Shrinkage calculation variables for emulsion ink shown in main Figure 2. (a) Code workflow
for extracting patterned emulsion trace from raw point cloud which utilizes RANSAC[36] and DBSCANI37]
algorithms for cleaning 3D scans. (b) Point cloud of raw scan. (c) Denoised trace point cloud showing slice
of points used for calculating area. The denoised trace point cloud is segmented in slices spaced 12.5 um
apart (the resolution of the scan). (d) z and z coordinates of slice shown in (c).

Supplementary Note 9: Calculation of LME Shrinkage

Shrinkage was calculated by the following equations:

S — vaefore heat —

Vitter hes ,
after heat % 100%

Vbcforc heat

(va Ai)hcforo heat — (ZZV Ai)aftcr heat

(va Ai)bo[’orc heat
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Figure S17: Schematic showing print path for testing the extrudability of liquid metal emulsion formulations.
The serpentine pattern in the red outlined inset shows the repeated serpentine pattern used to extrude each
formulation, with the start and end of print denoted by the green and red circle, respectively.
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Figure S18: Effect of droplet size on rheology and printability. (a) Optimal LME formulation (80 v/v% eGaln,
0.7 v/v% D140, 4.5 v/v%2B2c) at different mix times (b) SEM images of LMEs in (a) and the corresponding
droplet size distribution. (c) Oscillation amplitude data for LMEs in (a) and (b). (d) Printability results of
undermixed and optimally mixed LME.
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Table S6: Calculated values for droplet size log-normal distribution data and oscillation amplitude data from
Figure S18, for optimum LME (80 v/v% eGaln, 0.7 v/v% D140, 4.5 v/v% 2B2c) at different mix times.

10 min mixed 20 min mixed 35 min mixed Optimally mixed (57.5 min)

Median, m (pm) 27.88 24.13 13.02 13.89

Mean, g (pm) 29.80 25.65 16.05 15.43

Standard deviation (SD) 0.36 0.35 0.64 0.46
G’ (Pa) 4.7 x 103 7.9 x 10° 1.0 x 10* 1.0 x 103

Undermixed  Printable Creamed

21.2% RH :' :
1 5
1
10 min 47.5 min 52.5 min ,'
1
32.0% RH
42.6% RH

10 min 17.5 min 25.0 min

Figure S19: Effect of relative humidity (RH) on mixing (3500 RPM) time of printable liquid metal emulsion
(LME) formulation (~80v/v% eGaln, ~0.7v/v% D140, ~4.5v/v% 2B2c). At 21.2% RH, the LME is under-
mixed when mixed for 10 minutes (grey outline). When mixed for 47.5 minutes, an emulsion with printable
consistency is achieved (blue outline). When mixed beyond the time needed to achieve printable consistency
(52.5 minutes), the emulsion creams (red outline). Mixing past the onset of a printable consistency renders
an emulsion that is no longer usable. At higher %RH (middle and bottom row, 32.0 and 42.6% RH, respec-
tively), mixing times for the same formulation yields shorter mix times. Furthermore, creaming still occurs
when the emulsion is further mixed past a printable consistency.
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3D scan of LME after being heated for 1 hour
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Figure S20: Contact Resistance of Emulsion Ink at Higher Temperatures (80, 120, and 160°C). (a) Schematic
of contact resistance experiment using copper (Cu) tapes and transmission line equation,([38],[39]) utilizing
our derived definition (Equation S27) of calculating conductivity from the volume of an amorphous geome-
try. (b) Mean resistance values obtained at varying volumes, L (circles) for a particular temperature, T'(°C).
Error bars denote standard error of the mean. The dashed red line in each subplot is the line fit to the
transmission line equation. The transparent red region denote the model fit using the calculated parameters
along with their errors. (c¢) Calculated values of contact resistance (left) and conductivity (right) from the
model fit to the data, values listed in Table S7.

Table S7: Measured Copper Resistance (Rcy), Calculated Contact Resistance (R.) and Conductivity (o)
from Figure S20

Temperature (°C) Rcy () R. () o (S/cm)
80 0.0038  0.669 £ 0.238 1.228 + 0.135 x 10*
120 0.0037  0.029 + 0.005 1.068 4 0.158 x 10°
160 0.0039  0.031 + 0.004 8.106 & 0.775 x 102
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Figure S21: Pictures of Liquid Metal Emulsion Ink at Higher Temperatures (80, 120, and 160°C) during
contact resistance measurements. Top row: Macroscale image of emulsion ink traces. Bottom row: Micro-
scope images of emulsion inks. In each row, it can be seen that the degree of coalescence (shown by increase
of emerging cracks of liquid metal) increases with temperature.
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Figure S22: Yield stress calculation of liquid metal emulsion (same formulation, two different samples) using
two methods to determine yield stress. Top figure in each inset: Using G’ data and finding the point at
which the horizontal line through linear G’ data intersects with the power law line fit to the G’ data where
the G’ drops off at a steep rate. Bottom figure in each inset: Identifying shear stress at which G’ ~ G”.
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Figure S23: Lissajous plots from controlled stress oscillation experiments showing that the emulsion has a
largely elastic behavior at low shear stress. After high stress above the yield stress, close to perfect viscous
behavior (circular Lissajous plot) can be seen. The data shown for both samples represents an ink tested at

15.2% relative humidity.
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Figure S24: Oscillation frequency sweep of emulsion ink.

Supplementary Note 10: Oscillation Frequency Sweep of Optimal LME

Figure S24 shows a plateau G’ vs. angular freq and is consistent with oscillation sweep data collected for
highly concentrated emulsions concentration. [40],[34]. The data was fit to the discrete form of the relaxation
modulus, G(t), with four elements (i.e., N = 4) to the G’ and G” data using the following equation[41]:

G'(w) = Ge + igiM (S42)
=T+ (wAi)?
G”(W) = z;gi]m (843)

where G is the equilibrium modulus (where ¢t — 0o) and is calculated to be 8.29 x10* Pa, g; is characteristic
modulus, w is the angular frequency, A is the relaxation time. The following table shows results of the model
fitting.

Table S8: Relaxation modulus and times obtained from model fit of Equation S42.

i g (Pa) A (s)
1 3.18 x 10* 0.014
2 2.00 x 10* 0.187
3 2.08 x 10* 2.081
4 3.84 x 10* 30.37
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Figure S25: Flow curves for liquid metal emulsion and premixture. Viscosity data is represented by white
with colored outline and accompanying stress curves are represented by filled in symbols for each dataset.
(a) The liquid metal emulsion (LME) flow curve shows shear banding across the ~3 decades of shear rates
tested, which is consistent with past observations for highly concentrated emulsions.[42] (b) Flow curves
for the premixture (DE-D140-2B2c), with their concentrations as present in the actual emulsion ink. The
premixture is the only combination that displayed shear thinning and corresponding shear banding behavior,
then transitions to having Newtonian behavior. (c) DE flow curves, and (d) and DE-D140 (concentration
used in premixture and LME). The DE and DE-D140 flow curves display Newtonian behavior, with constant
viscosity across all shear rates and linear stress curve. A stable signal for DE and DE-D140 below 4 ~ 0.1
s~! could not be reliably measured by the instrument and is not available.
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Supplementary Note 11: Gravitational and inertial effects on filament extrusion

The characteristic height at which gravity can affect the ink extrusion behavior is given by:[43]

1/4

and was calculated to be Hy, = 10 mm. This calculation utilized the following values for the equation above:
the zero shear viscosity, g = 181.17 kPa-s (measured from rheology flow experiments), the volumetric flow
Q = 2.89 x 1079 m? s7! (calculated through Q = 7C(aD)?/4, where C=88.912 mm s~!, a= 1.017, [obtained
from ink extrusion experiments] and D = 0.2 mm), the ink density p = 5239.22 kg m~3 and the gravitation
acceleration g = 9.81 m s~2.
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Figure S26: Estimation of scaling factor, g, for viscoelastic spanning model, based on spanning lines shown in
Figure 3f. The lengths (L) of the lines with ID Lo, L3, L4, and Ls are 1.2, 1.8, 2.4, and 3.1 mm, respectively.
(a) Effect of the storage modulus, G’ and length L of the spanning line on the calculated maximum values
of the scaling factor, fmax, using Equation S45. (b) Calculated values for ¢ using 8 values within the
calculated range shown in (a), showing how higher 8 can result in ¢ values that violate experimental results.

Supplementary Note 12: Estimation of bending boundary layer, ¢
In order to estimate G’ through Equation 3, § must be fixed. The bending boundary layer for spanning

viscoelastic lines scales through the equation § ~ (gv—dz)l/ 3. We rewrite this scaling equation as:
Ed5 1/3 3G/d5 1/3
0=p|—= =p (545)
WL WL
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introducing [ as a scaling factor in order to calculate an actual value for § for each spanned line, which is
needed for estimating G’. To make sense of typical § values to fit, maximum beta (Bmax) for each line was
found by assuming § < 0.25L, based on the end-bending catenary shape of the experimental data. This
definition transforms Equation S45 to:

3G/d5 1/3
6maa: = Bmaz < WL ) (846)
L 3G/d>\ ®
Z = Bmax ( WL ) (847)
1/ wit\"Y?
6max = Z <3G,d5> (848)

Figure S26a shows that [, varies depending on the chosen G’ and L. To further narrow our search
for B values, we plot 6 vs G’ and L using Equation (S45) using § = 0.04,0.12 and 0.31 in Figure S26b,
values that fall in the range of Bnax for Lo, the shortest spanned line. As seen in Figure S26b, choosing
B values of 0.12 and 0.31 would provide § > 0.25Ls (shaded red region). Thus, we limited our search to
B <~ 0.1. Since it is known that a time dependent viscoelastic filament is has a bending boundary layer
that approximately scales with t~1/3,[44],[45], we utilized a value of 8 = (3600)~'/3 = 0.065 since ~1 hour
elapsed between printing and 3D scanning.

Table S9: Calculated Constants used in Equations 3, S45, and S48.

Constant Description Equation Value
W Distributed load 0.25(pink — Pair)gomd? 1.61 x1072  N/m
-1
P Ink density (75% +UoE 4 B Z’TB> 5239.223  kg/m®
I Area moment of inertia “G—Cff 7.85 x10717  m*
A Filament cross sectional area m(d/2)? 3.14 x107%  m?

Table S10: Constants used in Table S9, Equations 3, S45 and S48.

Constant Description Value
WeGaln EGaln mass fraction 0.954
WDE Diphenyl ether mass fraction  0.031
WD140 D140 rosin mass fraction 0.001
WaB2c 2B2c¢ mass fraction 0.014
PeGaln EGaln density 6250  kg/m3
PDE Diphenyl ether density 1080  kg/m?
PD140 D140 rosin density 1034  kg/m?
P2B2c 2B2c density 1602  kg/m?
Dair Air density 1.225  kg/m3
9o Gravitational constant 9.8 m/s?
d Filament diameter 0.0002 m
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Figure S27: Circuit diagram for BU LED array presented in Figure 4.




Printing liquid metal emulsion (LME) ink on top of surface
mount device (SMD) electrical pins results in variable electrical connection
Bottom

No connection
= g

N

Slight connection

¢
)Y

s 1mm

Full connection

Figure S28: Printing LME on top of surface mount device electrical pins results in variable electrical con-
nection, evidenced by inconsistent lighting of LED array.
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Signs of coalescence uncoalesced

&Cracks ‘ | (8 gEd eGaln
Emerging droplets 8 i = -3 ,54‘ /

Figure S29: Design rationale for bottom lattice current collector. (a) Top of single LED device printed with
liquid metal emulsion (LME) ink using a ~200um thick square geometry after being heated at T' = 80°C.
Chemical coalescence is apparent from cracks and emerging eGaln droplets. (b) Bottom of device shown
in (a), where incomplete coalescence occurred, apparent by different color. (c)-(e) Conductivity of printed
LME geometries are tested with an external coin cell battery and thin wire leads. If the LED lights up, the
LME trace is conductive. (c) The connection between the top current collector and the end of the negative
electrical interconnect is conductive, lighting up the LED. For (d)-(e), we removed the coin cell battery.
(d) The connection between the vertical interconnect and the end of negative terminal of the electrical
interconnect is conductive, lighting up the LED. (e) The connection between the vertical interconnect and
the bottom current collector did not light up the LED. The lighting up of the LED in (d) as well as the
reduced appearance of bulk eGaln show the lack of coalescence with the flat square design. (f) Single
LED device activated in T' = 80°C with the redesign of the bottom current collector to be a square lattice
(printing shown in the inset). The LED lights up, indicating coalescence occurred throughout the print. (g)
Bottom side of activated single LED device in (a), showing emerging eGaln droplets (evidence of successful
coalescence).
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Layers contributing to shape retention and adhesion
of heat activated liquid metal emulsion print

‘Emerging
eGaln :
‘droplet - -

coalescence

Figure S30: Structural layers that contribute to shape retention and adhesion in activated LMEs. (a) Top of
activated 3D printed BU logo on glass, which shows a light gray, bumpy crust of uncoalesced eGaln droplets.
An emerging eGaln droplet is sign that coalescence occurred. (b) Bottom side of (a). Opaque layer and
voids suggest formation of oxide on the substrate. (c) Residue left over from glass slide of removed print.
(d) Printed logo removed from the glass substrate showing structural integrity.
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Supplementary Note 13: Estimation of adhesive stress for coalesced LME on
SMD components

The adhesive stress on the battery (7s vattery) is calculated as follows (using variables listed in Table S11):

Ts, battery — F/Ac,battery

where F' is the weight of the battery given by:

F= Mpatteryd
= (0.062kg)(9.8m s %)
=0.61N

A¢ battery is the contact area between the battery and LME. Since the bottom electrode is a lattice design
with 7 filaments printed in each direction, we used the following equation to calculate the contact area:

Ac battery = (total area of printed filaments) - (area of filament cross points)

Ac,battery = (nﬁlament X (lﬁlamentwﬁlament)) - ((O-Bnﬁlament)2 X (wﬁlament)Q)
=2.8 x 107 "m?

ThUS, Ts, battery is:

Ts, battery — F/Ac,battery
Ts, battery = 0.61N/(2.8 x 10~ "m?)
= 2.2 X 10%Pa

Table S11: Variables and values used for calculating 7y, battery

Variable (Units) Description Value
Mpattery (Kg) Mass of battery 6.2 x 1072
lalament (M) Single filament length 8.4 x 1074
Whlament (M) Single filament width 2.0x 1074
NAlament Number of filaments printed 14

The adhesive stress on the LED (75, Lgp) is calculated as follows (using variables listed in Table S12):

Ts, LED = F/Ac LED

where F' is the weight of the LED given by:

F =myEpg
= (1.8 x 107 %kg)(9.8m s72)
=1.8 x 103N
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A. 1ED is the contact area between the LED and printed LME. We used the following equation to calculate
the contact area:

AcLED = 2 X (area of contact pad)
AC,LED =2x (Zpad X wpad)
= 4.8 X 10~ "m?

Thus7 Ts, LED is:

Ts, LED = F/AcLED
7o, LED = 1.8 x 107°N /(4.8 x 10~ "m?)
= 3.7 x 10'Pa

Table S12: Variables and values used for calculating 7 1,Ep

Variable (Units) Description Value

miep (kg) Mass of LED 1.8 x 1076
lpad (m) Length of LED contact pad 8.0 x 10~*
Wpad (M) Width of LED contact pad 3.0 x 107*
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side view of patterned trace on formulated elastomer
emulsion trace

copper

packaging elastomer
tape

‘coalesced
emulsion

tweezer

coalesced |

| A \ = tweezer
emulsion /SRR 1 =

Figure S31: (a) Side schematic of stencil patterned emulsion trace on packaging elastomer based on PDMS.
(b) Results of peeling PDMS elastomer composites after heat activating the emulsion traces. Left is
PDMS/SiOy composite, right is PDMS/carbon black composite.
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Supplementary Note 14: Calculation of LME conductivity after 10 months

i K
% E(? Diagram of circuit components
- /A Ll Y 300 Q
[ ‘Q} | | ?
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Figure S32: Comparison of 10-month aged LME to freshly soldered PCB using the same electrical compo-
nents. (a) Left. BULED array (adapted from manuscript Figure 4) with inset showing the circuit tested. The
schematic of this circuit is shown on the right. (b) I-V data on 10 month old printed LME (left) compared
to similar surface mount device components freshly soldered to a breadboard. The electrical contacts of the

LED and resistors used in our BU LED array and in this figure are composed of a mix of copper/nickel/gold
and nickel/tin, respectively.

RCu Hc,Cu-LME RLME RC,LED-LME RLED RCILED-LME HLME RC,R-LME Hﬁsoo RC,R-LME RLIVIE Rc,Cu-LME RCu

Figure S33: Circuit schematic used for calculating conductivity of 10-month aged LME
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For the LME printed circuit shown in Figure S33, the total circuit can be represented by the equation for
Rt below:

Riot = Rou + Re,cuLMmE + Ruve + ReLep-LME + Rrep + R LED-LME + RivmE + Ber-mvE + BR3oo
+ R¢ r-LME + Rime + Re + Rou

Riot = 2Rcu + 2Re cu-LME + 2RepepTiie + 2Berriie + 3Rime + (RLep + Rraoo)

Riot = 2Rcy + 2R cu-Lme + 3RLME + (Rrep + Rr3o0o)

where Rc, is the copper (Cu) tape resistance, R cu-LmE is the contact resistance between the LME and
Cu tape, Rymg is the LME resistance, Rygp is the LED ‘resistance’, R. rgp-Lme is the contact resistance
between the LME and LED, Rgsgo is the resistor resistance, and R. r.1,mE is the contact resistance between
the LME and the resistor. We assume R 1gp-Lme and Rcr-Lve are negligible compared to the resistances
on the total circuit.

To estimate the conductivity of the 10-month aged LME (ormE,aged), We first rearrange for RimE aged
and use the calculated values from Figure S32b (i.e, Riot,agea = 372.3Q and (Rrep + Rr300) = Riot,pcB =
367.3€2. We also use the measured value of Rg, = 0.004Q2 and assume R cu-LME, aged is negligible:

Riot,aged = 2Rcuaged + 2Re CotNE aged + 3RLME, aged + (RLED + RR300)
_ Rtot,aged - (QRCu,aged + (RLED + RR3OO))
RLME,aged - 3
(3723 — (2 x 0.004 + (367.3))
N 3

RLME,aged =1.7Q

OLME,aged canl thus calculated by using definition for conductivity and printed LME interconnect geometry
in the LME circuit. Below, [ is the length of the interconnects printed between the copper tape to the LED,
the LED to the resistor, and the resistor to the copper tape (Figure S32b); A is the printed interconnect
cross section (A = winterconnecthinterconnect)5

l
ARLME, aged
0.6cm

(0.0235cm x 0.02cm)(1.792)
1

OLME,aged =

OLME.aged = 3.85 X 10%S cm™

The conductivity of a freshly activated LME is oM fresh = 1.23 x 10S cm ™t (Figure S18).

OLME,aged — OLME,fresh

%change = % 100
OLME,fresh
2 _ 1
_B85x10°-123x10Y)
1.23 x 101
= +30%
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Figure S34: Printed LME packaged dogbone device and electromechanical testing. (a) Steps for fabricating

packaged and activated liquid metal emulsion (optimum formulation). (b) Electromechanical test set-up and
results

Heat activated Heat activated, peeled off substrate,

& electromechanically tested

Measured Resistances

of Packaged LME devices
0.25

Il Before 125°C heat
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Device ID
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Figure S35: (a) Packaged dogbone devices before and after being heated at 125°C for 2 days. All devices
but #1 were subjected to 200% stretching for 1000 cycles before being thermally tested. Droplets of eGaln
emerge in devices #2 and #4 after heat. (b) Measured resistances of devices shown in part (a)
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Table S13: Alternate activators for chemically coalescing liquid metal emulsions and their associated carbon-
halogen bond dissociation energy values (from Ref. [46], [47]). 2B2c is listed for reference.

Halide Compound Chemical Structure Bond Dond Dissociation Energy

(kcal/mol)

Cl

Chlorobenzene ©/ c-Cl 972
Cl
(2-Chloroethyl)benzene ©/\/ C-Cl 85.7
Cl
Benzyl chloride C-Cl 72.9
X Cl

Cinnamy]l chloride C-Cl1 66.1

O

Br

2-Bromoacetophenone C-Br 64.2

O
2-Bromo-2’-chloroacetophenone Br C-Br 63.1
(2B2c) C-Cl 91.5

Cl

O
CHs;
2-Bromopropiophenone C-Br 60.4
Br
X Br

Cinnamyl bromide C-Br 53.5

Table S14: List of Supplementary Videos.

S1 Halide Salt-Based Liquid Metal Emulsions (LMEs) - Printing and Coalescing
S2  Print Velocity Sweep study of LME Extrusion

S3  Printing Spanning Filaments with LME

S4 LME-Based Device Activation at T ~ 80°C

S5 Hybrid Assembly of BU LED Array with LME
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