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ABSTRACT: Aqueous droplets acquire charge when they
contact electrodes in high-voltage electric fields. Although
many researchers have investigated droplet charging under
various conditions, the droplet charges are typically reported
simply in terms of a mean and standard deviation. Here, we
show that droplets often acquire significantly less charge for a
single contact compared to the previous and subsequent
contacts. These “low-charge events,” which are not observed
with charging of metal balls, yield up to a 60% decrease in
charge acquired by the droplet and occur regardless of the
applied field strength, droplet conductivity, or droplet volume.
In all cases examined here, the occurrence of low-charge
events to good approximation follows a negative binomial
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distribution (i.e., a Pascal distribution) with a mean probability of 13%. We further demonstrate that approximately 16% of
charging events are characterized by “irregular” Taylor cone dynamics, suggesting that instabilities in the electrically driven
deformation of the approaching liquid interface may be responsible for the low-charge events. The results indicate that workers
using systems involving droplet charging should take into account the high likelihood of droplets randomly acquiring less charge

than expected.

B INTRODUCTION

Charged droplets are important in a variety of industrial and
research applications. For example, electrostatic dehydrators
use electric fields to charge and mobilize droplets so that they
coalesce and sediment faster in oils and other liquids."”
Electric fields are also used to control droplet motion and
formation in other devices such as inkjet printers,’ electro-
wetting devices,* and microfluidic devices,””” where the
electric fields have been used to induce droplet coalescence
at a T—junction,5 move droplets across streamlines,' "' or
move droplets faster than the surrounding flow.'”™"* Electric
fields have likewise been used to control droplets in a variety of
other applications including droplet formation,”"” cell electro-
poration,l(”17 surface dewetting,18 emulsion stability,'” in-
creased mixing,””*' and solute delivery for biological and
chemical applications.””

To accurately control droplet motion, it is necessary to
accurately predict and measure the amount of charge droplets
acquire. A limiting prediction for the amount of charge a
droplet should acquire upon contact with an electrode was
derived by James Maxwell,”> who showed that the amount of
charge Q a perfectly conducting sphere would acquire from a
perfectly conducting planar electrode is given by

2
Q= gnz'eeoazE

(1)
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Here, a is the sphere radius, g, is the permittivity of the
surrounding liquid, and E is the applied electric field. Although
the amount of charge the liquid droplets acquire generally fol-
lows this dependence on electric field strength and droplet
radius,”*"*® for unclear reasons droplets have not been
observed to acquire as much charge as predicted by
Maxwell.”~”****7%% Solid particles have also been observed
to obtain less than the predicted amount of charge, again for
unclear reasons.”"*”*' 7%

Although predicting the amount of charge a droplet acquires
during a single contact is of fundamental interest, many
applications require multiple droplet contacts, either through a
single droplet contacting an electrode many times”'>'”** or
through multiple droplets contacting an electrode a single
time."»”">*” Thus, in addition to being able to measure and
predict the amount of charge a droplet will acquire during a
single contact, it is also important to measure and predict the
reproducibility of the amount of charge a droplet acquires.

Despite the large number of reports on the charging of
droplets in electric fields, to date, none report statistics beyond
the average and standard deviation in the amount of charge
acquired. For example, Jung et al.*® reported on the
deformation and charge acquired by droplets as they contacted
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electrodes, but only reported the average charge acquired over
an unspecified number of contacts. Jalaal et al.*’ also reported
on the deformation of droplets contacting electrodes and
observed variations up to 7% in the velocity of the droplets
(indicating a 7% variation in the corresponding charge). Ahn et
al.*® examined the effect of electrode geometry on the charge
acquired and reported standard deviations of the charge
acquired as large as 60%. Im et al.”® observed changes in the
charge acquired by different conductivity droplets under
electric field strengths and observed standard deviations
between 0.6 and 30%, while Elton et al.>° observed that larger
droplets (mm scale) over a wide range of conductivities had
standard deviations between 8 and 26%. Eow and Ghadiri*’
and more recently Yang and Im*? investigated the difference in
charge acquired by the same droplet at different polarity
electrodes. Eow reported standard deviations of 5% in the
charge acquired at each electrode, while Yang reported
standard deviations of 0.5% in the amount of charge acquired.
Beranek et al.” measured the frequency at which droplets
transited between electrodes in a microfluidic channel and
reported variations up to 10%. Finally, Elton et al.”” observed
physical cratering and other changes to the electrode caused by
dielectric breakdown during charge transfer, but they only
reported crater morphologies versus the average amount of
charge acquired by the droplets.

Importantly, none of the above work reported statistical
details beyond a mean and/or standard deviation of the
amount of charge acquired by the droplets. Little is known
about the underlying statistical distribution of charges acquired
for multiple charging events or how the recently reported
crater formation process affects the distribution.

In this work, we present a contact-by-contact analysis of
aqueous droplet charge for droplets of different volumes and
conductivities as they move, or “bounce,” between electrodes
in silicone oil. Although all of the droplets are observed to
generally acquire similar amounts of charge from bounce to
bounce, we demonstrate that the droplets occasionally acquire
significantly less charge than previous or subsequent bounces.
These “low-charge events” are ubiquitous across droplets of all
conductivities and volumes studied and comprise as large as a
60% decrease in the amount of charge typically acquired by the
droplet. The occurrence of low-charge events was observed to
follow a Pascal distribution (i.e., a negative binomial
distribution) to good approximation. In contrast, we did not
observe low-charge events during the charging of metal balls.
The high-speed and high-magnification video reveals that the
leading edge of the droplet, which typically deforms as a classic
Taylor cone,”" instead occasionally deforms to one of a variety
of different irregular shapes. This observation suggests that
low-charge events are caused by less efficient charging during
irregular deformation dynamics. We use these observations to
offer some practical guidance for device development, as well
as advice on reporting droplet charge in future investigations to
account for the distinct statistical distribution of droplet
charging events.

B EXPERIMENTAL METHODS

The experimental setup (Figure 1, top) is similar to those used in
previous experiments.”*>”** Standard photolithography techniques
were used to deposit gold electrodes 1 mm wide, 20 mm long, and 50
nm thick onto glass substrates. For each experiment, two new
electrodes were placed in a plastic cuvette and separated by
nonconducting spacers at the top and bottom. One electrode was
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Figure 1. Top, schematic of the experimental setup. Bottom, images
from a high-speed video of a 2 uL droplet (top row) or a 2.4 mm
metal ball (bottom row) approaching, contacting, and departing an
electrode in a 0.38 and 0.63 kV/mm electric field, respectively. Arrows
indicate the direction of motion of the droplet or ball. The images are
separated by 62 ms in time. The scale bar is 2 mm for all images. Also,
see supporting Movies S1 and S2.

connected to a high-voltage power supply (Trek 610E), while the
other was grounded through an electrometer (Keithley 6514). The
cuvette was filled with 100 cSt silicone oil. Immediately prior to
droplet insertion, a ZeroStat 3 antistatic gun was used to dissipate any
static charge on the cuvette surface.

For each experiment, an aqueous droplet of specified volume (0.5—
3.5 uL) and conductivity (0.001—113 mS/cm) was manually pipetted
between the electrodes. Droplet conductivity was controlled by the
addition of potassium chloride (Sigma-Aldrich reagent grade) in
different concentrations to deionized water. The conductivity of the
bulk solution was measured immediately prior to each experiment.
Upon insertion into oil, the droplet was initially attracted to one
electrode where it made a contact, received a charge, and was repelled
toward the other electrode, whereupon the process repeated (Figure
1, middle and Movie S1). Owing to the larger density of the droplet
compared to the silicone oil, droplets sank downward. As the droplets
approached the bottom of the electrodes, positive dielectrophoretic
forces™ counteracted gravity and caused them to bounce at
approximately the same vertical location for the remainder of the
experiment.

A high-speed video of the droplet was recorded using a Phantom
v7.3 camera at 500 images per second, while the analog signal from
the electrometer was recorded using a digital acquisition card at a rate
of 50 kHz. Care was taken to allow the droplet to completely settle
near the bottom of the electrodes before recording the high-speed
video used to determine the droplet charge. At the end of each
experiment, the droplet was removed from the experimental cell prior
to deactivating the applied voltage. Depending on the applied voltage
and droplet volume, between approximately 50 and 200, successive
bounces were recorded per experiment.

The charge acquired by the droplet was determined using a
standard force-balance technique.**~>*?°73>49%~% Iy brief, during
moments of constant velocity (near the midplane of the cuvette), the
drag force (Fp = 4mApaU) on the droplet was balanced with the
electrostatic force (Fy = QE). The resulting charge is given by Q =
4mAuaU/E, where i is the viscosity of the oil, a is the droplet radius,
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Figure 2. Representative examples of charges acquired during successive charge transfer events by a water droplet or a metal pendulum. (a,b)
Positive (red) and negative (blue) charges acquired during each contact by 2 uL deionized water droplets in a 0.35 and 0.5 kV/mm electric field,
respectively. (c,d) Positive (red) and negative (blue) charges acquired during each contact by a 2.4 mm diameter metal ball bouncing in a 0.38 and
0.63 kV/mm electric field, respectively. Histograms of the charge distribution are to the right of each plot. The secondary axis on each plot gives the
approximate time progression during the experiment, as estimated from the total time the droplet or ball took to complete the total number of
bounces displayed. The dashed line is the “preferred charge” as determined through linear regression. All charges are normalized by the Maxwell
charge given in eq 1. Note that there are many low-charge events for the water droplet, but none for the metal ball.

and U is the droplet velocity. The Hadamard—Rybinzsky correction
factor, 4, is 1 because the viscosity of oil is much greater than that of
the aqueous droplet (ie., gy > /,tdmp).46’47 The electric field is
estimated as E = V/H, where V is the applied voltage and H is the
distance between the electrodes. The droplet velocity and radius were
determined by processing the recorded high-speed video and
detecting the droplet centroid and projected area using standard
image analysis algorithms in MatLab.

The force-balance technique was not used to determine the charge
acquired by solid particles because the drag force on the pendulum
support was not known a priori. Instead, the charge acquired by the
aluminum ball was determined via a nonlinear regression of a model
of the system current to the observed current using a methodology
described previously.”* We focus here primarily on variations of the
observed charge acquired by droplets and particles through successive
charge transfer events (i.e., “bounces”).

B RESULTS

Representative experimental measurements of two individual
water droplets and two individual metal balls bouncing
between electrodes in different electric field strengths are
shown in Figure 2. The charge acquired by both aqueous
droplets and metal balls is strongly dependent on the
magnitude of the electric field, and therefore, the charge data
in Figure 2 have been normalized by the Maxwell charge given
in eq 1 to facilitate comparison of different experiments.
Droplets most often received a similar charge as the previous
and subsequent bounces, with this charge value denoted here

as the “preferred charge” of the droplet (indicated by the
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dashed white lines, cf. discussion of the regression scheme
below). However, significant decreases from the preferred
charge are frequently observed during the charging of water
droplets (the green data points in Figure 2). These “low-charge
events” occurred most commonly as single bounces (cf. Figure
2a), but also occasionally as two or more subsequent bounces
(cf. Figure 2b, negative charge).

In contrast to aqueous droplets, no low-charge events were
observed during the charging of metal balls (Figure 2¢,d).
Instead, the charge acquired by solid particles was always close
to the preferred charge (i.e., the charge acquired by the ball
was always observed to be similar from bounce to bounce).
This behavior is most apparent in histograms of the charge
acquired by the droplet or ball (Figure 2). Both of the metal
ball histograms demonstrate a narrow distribution of charges
around the preferred charge. The histograms of the droplet
charge, however, also exhibit a long left-hand tail caused by the
low-charge events. This long tail is absent in the histograms of
the charge acquired by the metal ball. The charge acquired by
the metal ball was also more tightly grouped around the
median than that acquired by the droplet. On average, 98% of
metal ball bounces yielded charges within 5% of the median
amount of charge acquired, while only 85% of droplet bounces
yielded charges within 10% of the median amount of charge
acquired. Droplets rarely acquired a charge significantly more
than the preferred charge.
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A key observation is that the preferred charge may increase
or decrease slightly with time. The representative droplet in
Figure 2a exhibited a slight downward trend in charge as time
progressed, whereas the droplet in Figure 2b maintained a
more constant charge with time. Droplets generally acquired
less charge as time progressed (Figure S1). The positive charge
acquired by the droplets on average decreased by 2.5% in 30 s,
although the magnitude of the change in charge acquired by
the droplet varied between —6 and +3%. Similarly, the
magnitude of the negative charge acquired by the droplets
decreased by 0.8% in 30 s on average, although the amount of
change in charge acquired by the droplet ranged between —5
and +4%.

Determination of Low-Charge Events. The representa-
tive data in Figure 2 indicate that despite the existence of a
preferred charge, droplets occasionally acquire significantly less
charge than previous or subsequent bounces (i.e., “low-charge
events”). To more rigorously define low-charge events, a two-
step process was utilized during which the ostensible preferred
charge was first identified by linear regression, and the low-
charge events were then identified as charges that were deemed
sufficiently small compared to the preferred charge.

Because the preferred charge depended sensitively on the
applied voltage and droplet volume, we identified it for each
experiment via linear regression of the observed charges for
that particular experiment. Inclusion of all the charge data in
the linear regression often gave very poor fits because a single
low-charge event can dramatically impact the slope of the best-
fit line. To limit the effect of low-charge events on the slope of
the regression line, only charge data which fell in the range

Qy = (Qs = Qy) Q= Q4 )
were used to find the preferred charge, where Qs is the
median, or 50th percentile, of all charges acquired by the
droplet and Q5 is the 75th percentile of the charges acquired.
This procedure eliminated the highest and lowest charges
while preserving enough data points for a linear fit,
independent of the number and magnitude of any low-charge
events (cf. dashed white lines in Figure 2).

Low-charge events were then found by assessing the
absolute difference D of the observed charge from the best-
fit preferred charge line. Low-charge events were defined as
charges which were removed from the best-fit line by more
than twice the median absolute deviation (MAD) of
differences of all charges from the preferred charge, that is,
charges with an absolute difference

D > Dy, + 2MAD(D) (3)
where Dy is the median of all absolute differences. The median
and MAD were used to find low-charge events because they
are more robust than the mean and standard deviation when
significant numbers of outliers exist.**

Factors Affecting the Occurrence of Low-Charge
Events. The low-charge events present during the charging
of water droplets and the lack of low-charge events during the
charging of metal balls are both readily seen in histograms of
the amount of charge acquired by the droplet or ball. Figure 3
presents a histogram of charges acquired by droplets and balls
compiled from several different experiments at different
applied voltages. Because the charge acquired by the droplet
depends on the applied voltage, the charge data for each
experiment were normalized by the median amount of charge
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Figure 3. Histograms of the amount of charge acquired by 2 uL
deionized water droplets (a,c) and 2.4 mm metal balls (b,d). Each
histogram is compiled from several different experiments at different
applied voltages. To compare the different experiments, the charges
from each experiment were normalized by the median of the charge
acquired during each experiment. The inset in (c) shows the
distribution of normalized charges from 0.4 to 0.9. Water droplet
histograms represent 1290 bounces from 8 different experiments.
Metal ball histograms represent 840 bounces from 4 different
experiments. Note the lower charge (left hand) tail present in the
histograms of charge acquired by water droplets.

acquired by the droplet or ball in that particular experiment,
and all charge data are presented in a single histogram. The
histograms of charges acquired by droplets clearly show a long
left-hand tail at lower charges, while the histograms of charges
acquired by solid balls are normally distributed around the
median.

To test whether applied voltage affected the propensity for
low-charge events to occur, the same charge data aggregated in
Figure 3 are presented in boxplots in Figure 4 as a function of
the applied voltage. Each circle in Figure 4 represents an
individual bounce, while the blue box bounds the 75th and
25th percentiles of all bounces. The red line is the median of
all charges acquired by the droplet or ball. The charges have
been normalized by the Maxwell charge (eq 1) to facilitate
comparison of data at different electric field strengths. Both the
positive and negative charges acquired by droplets grow closer
to the limiting Maxwell charge as the electric field is increased,
although droplets were never observed to fully acquire the
Maxwell charge. Metal balls always acquired similar amounts of
charge relative to the Maxwell charge, regardless of the applied
electric field. Low-charge events, denoted by green circles, are
observed for all 2 uL deionized water droplets bounced in
electric fields between 0.35 and 0.52 kV/mm. No low-charge
events (as defined by eq 3) are observed during the charging of
solid metal balls bouncing in electric fields between 0.375 and
1.13 kV/mm.

The effect of droplet conductivity and droplet volume on the
occurrence of low-charge events was also investigated. Figure 5
shows the amount of charge acquired by droplets of different
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Figure 4. Comparison of charges acquired by water droplets vs metal
balls. (a,b) Positive charge acquired by 2 yL deionized water droplets
(a) and 2.4 mm diameter metal balls (b) bouncing between electrodes
in different electric field strengths. (c,d) Negative charge acquired by
deionized water droplets (c) and metal balls (d) bouncing between
electrodes in different electric field strengths. In all plots, observed
charges have been normalized by the Maxwell charge given in eq 1.
For clarity, each data point is randomly distributed from the center of
the column. The blue box indicates the 25th and 75th percentiles.
The red line is the median of the data. Green points are low-charge
events.

conductivities. Each boxplot in Figure S represents an
individual experimental trial, with a unique droplet and set
of electrodes. Droplets of all conductivities acquired similar
amounts of charge (i.e., the variation between individual
experiments at any specific conductivity was greater than any
other noticeable trend). The cause of the variations in mean
droplet charge between experiments is not currently known;
despite our best efforts to minimize such effects, possible
explanations include changes to the electric field caused by
electrode alignment or changes to the drag experienced by the

droplet due to contamination. Droplets of all conductivities
also experienced low-charge events on both positive and
negative electrodes.

Figure 6 shows the effect of droplet volume on low-charge
events. Droplets of different volumes experienced low-charge
events at both the positive and negative electrodes. Droplets of
different volumes also acquired similar amounts of charge
relative to the limiting Maxwell charge, consistent with
previous results indicating that the amount of charge increases
with the square of the radius of the droplet.”**°

A final observation is that the magnitude of low-charge
events varied between positive and negative electrodes. On
average, low-charge events resulted in a 9% decrease in charge
relative to the preferred charge at the positive electrode and a
29% decrease in charge at the negative electrode (Figure S2).
The larger difference in the charge magnitude at the negative
electrode was present for all droplets, regardless of the droplet
volume, the droplet conductivity, or the applied voltage.
Although it is unclear why low-charge events were more
dramatic at the negative electrode, we note that droplets always
received less charge at the negative electrode than the positive
electrode. The larger decrease in charge at the negative
electrode may be related to the lower amount of charge passed
to the droplet overall.

Statistical Model for Low-Charge Events. The percent-
age of low-charge events, as defined by eq 3, out of all bounces
in each experimental trial ranged from 3 to 29% for all trials
(Figure 7). There was little difference in the percentage of low-
charge events that occurred at positive or negative electrodes
(Figure 7a). The median of the percentage of low-charge
events per trial was 12.4% for the positive electrode and 13.7%
for the negative electrode. The Wilcoxon rank sum test returns
a p value of 0.86, indicating that it is unlikely the positive and
negative charge data derived from distributions with the
different median values. Thus, for any given bounce, a droplet
has a 13% chance of acquiring a low charge from either
electrode. No clear trends in the percentage of low-charge
events were detected, as the applied voltage, droplet
conductivity, or droplet volume was varied (Figure 7b—d).

The autocorrelation of the occurrence of low-charge events
is shown in Figure 8. The autocorrelation was calculated using
a binary vector where 0 represented the normal charge events
and 1 represented the low-charge events. The red lines in
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Figure 7. (a) Percentage of low-charge events which occurred for
each experimental trial at positive and negative electrodes. Individual
data points represent individual experimental trials. The black box
bounds the 75th and 25th percentiles. The red line is the median of
the data. For clarity, the data points are horizontally offset randomly
from the middle of the column. (b—d) Percentage of low-charge
events which occur for (b) 2 L droplets bouncing in different applied
fields, (c) 3.5 uL droplets of different conductivities bouncing in a 0.4
kV/mm field, and (d) different volume deionized water droplets
bouncing in a 0.4 kV/mm field. Red data points are from the positive
electrode, and blue points are from the negative electrode.

Figure 8 indicate the limits of statistical significance, at a 95%
confidence interval, as calculated by p = +£1.96/ N, where N
= 8378 is the total number of charge events examined.*’ The
only statistically significant autocorrelation occurs at low lag
numbers and is extremely weak (i.e, ACF < 0.08). This low
value indicates that the occurrence of a low-charge event had
virtually no influence on the probability of another low-charge
event occurring during a subsequent contact.

Despite the seemingly random distribution of low-charge
events, their occurrence appears to follow a negative binomial
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Figure 8. Autocorrelation function of the occurrence of low-charge
events. The lag is the difference between bounces. Red lines indicate
the 95% confidence interval. Note that the autocorrelation is
extremely weak (<0.08) for all values of the lag.

distribution. Also known as a Pascal distribution, the negative
binomial distribution is appropriate for over-dispersed count
data for which the Poisson distribution is not appropriate’* >
and is used to model infrequent random events such as the
length of hospital stays” or traffic accident frequency.”* The
Pascal distribution describes the probability of a certain
number of successes before a certain number of failures occur
or, in this case, the number of preferred charge events before a
given number of low-charge events. Figure 9a shows the
probability of a certain number of bounces occurring before a
single low-charge event occurs. The solid markers are
experimental data, while the open markers are a Pascal
distribution with a probability of a low-charge event per
bounce of 0.13. The distribution qualitatively accords with the
experimental data. The Pascal distribution also fits for higher
numbers of low-charge events, such as 2 or § (Figure 9b,c).
The qualitatively good fit of the Pascal distribution to the
experimental data suggests that low-charge events are caused
by a randomly recurring process.

Deformation Dynamics of Droplets Approaching
Electrodes. To summarize, all droplets observed experienced
low-charge events, regardless of the applied voltage, droplet
volume, or droplet conductivity. In contrast, no low-charge
events occurred during charge transfer to metal balls. A key
question, then, is why do droplets experience low-charge
events while metal balls do not? One key difference between
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liquid droplets and metal balls is that droplets deform as they
approach and contact the electrode (cf. Figure 1). We
hypothesized that the deformation of the water droplet as it
approaches the electrode is responsible for the observed low-
charge events.

To test the hypothesis that droplet deformation is at least
partially responsible for low-charge events, we observed the
moment of contact between droplets and electrodes via high-
speed video. Using high optical magnification and frame rates
between 12000 and 24000 frames/s, six unique types of
contact dynamics between droplets and electrodes were
observed (Figure 10 and supporting Movies S3—S8). The
droplet was most often observed to deform into a single
axisymmetric cone that subsequently came into apparent
contact with the electrode (supporting Movie S3). This Taylor
cone*** behavior has been widely observed before** ™" and is
because of the competition of the droplet surface tension and
applied electrical stress.

Although axisymmetric single cones were observed most
frequently, droplets were also observed to occasionally deform
into other less regular shapes. Among the “irregular” contact
dynamics observed, droplets deforming to form two con-
current Taylor cones were most common (supporting Movie
S4). Although droplets have been observed to form Taylor
cones on opposing poles,* it is unclear why two Taylor cones
would form on the same side of the droplet. Multiple Taylor
cones and jets have been observed to form when fluid flowing
out of a capillary is injected with charge via a submerged
electrode.”*™® The multiple cones and jets form to release the
increased amount of charge more efficiently. Thus, it is
possible that the droplet deforms to a double cone to spread
out a high surface charge concentration.

Droplets were also observed to contact the electrode via a
single Taylor cone that extended asymmetrically from the
droplet (i.e., the center of mass of the droplet was not aligned
with the center of the Taylor cone). These droplets were often
close to the end of the electrode, and the cone appears to
extend from the portion of the droplet closest to the electrode
(supporting Movie SS). This behavior suggests that the cone
was extending in the direction of the strongest electric field, as
would be expected.

Another contact dynamic observed involved droplets
expelling a liquid jet just prior to contacting the electrode
(supporting Movie S6). Charged droplets are known to expel
charged jets when the surface charge exceeds the Rayleigh
stability criterion.**>*? The formation of jets may be due to
the surface charge of the droplet locally exceeding the Rayleigh
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stability limit, although the total droplet charge remains below
the limit.

Occasionally, droplets were observed to contact sessile drops
that were presumably left on the surface of the electrode by
previous droplet contacts (supporting Movie S7). It is unclear
why droplets left behind small sessile drops on the electrode
surface, although variations in the electrode surface either
caused by previous droplet bounces or photolithography
defects may have created local changes in the wettability of
the electrode surface. Once a drop was deposited on the
surface of the electrode, incoming charged droplets could be
drawn toward the increased electric field caused by the raised
sessile drop and make a preferential contact with the sessile
drop rather than the electrode.

Finally, more complex dynamics, such as droplets forming a
double Taylor cone and simultaneously extending a liquid jet,
were also observed (Movie S8). It is unclear why these
complex dynamics occur; it is possible that the same
underlying causes for the other irregular dynamics occur in
tandem to cause the combined complex dynamics.

Importantly, the same droplet was observed to contact the
electrode in different ways during subsequent bounces. The
droplet always appeared to make a physical contact with the
electrode during each bounce, at least to the resolution
possible with the high-speed video. Previous work has
indicated that dielectric breakdown, as evidenced by a flash
of light detected by a photomultiplier tube, can occur between
the droplet and the electrode during charge transfer.””*" It has
been hypothesized that the charging of droplets and other
particles via dielectric breakdown resulted in very small gaps
(~100 nm) between the droplet and electrode instead of a
physical contact.’*® The resolution of the images acquired
here is not sufficient to discern such small gaps, and the droplet
appears to make a physical contact with the electrode during
each bounce.

Figure 11 shows the percentage of observed bounces which
resulted in each of the observed contact dynamics. Droplets
were observed to contact the electrode via a single Taylor cone
approximately 84% of the time. The second most common
contact dynamic was the double cone, which was observed in
approximately 7% of all bounces. The other irregular behaviors
occurred in about 1—3% of all bounces. Notably, all of the
irregular contact dynamics combined accounted for approx-
imately 16% of the observed bounces, which is close to the
observed frequency of low-charge events (13%). This
observation implies that the droplet acquires the preferred

DOI: 10.1021/acs.langmuir.8b04254
Langmuir 2019, 35, 3937-3948


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04254/suppl_file/la8b04254_si_004.mpg
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04254/suppl_file/la8b04254_si_009.mpg
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04254/suppl_file/la8b04254_si_004.mpg
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04254/suppl_file/la8b04254_si_005.mpg
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04254/suppl_file/la8b04254_si_005.mpg
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04254/suppl_file/la8b04254_si_006.mpg
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04254/suppl_file/la8b04254_si_007.mpg
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04254/suppl_file/la8b04254_si_008.mpg
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04254/suppl_file/la8b04254_si_009.mpg
http://dx.doi.org/10.1021/acs.langmuir.8b04254

Langmuir

Single Cone

s

Asymmetric

Sessile Drop

Double Cone

Cone Jet

Cone and Jet

Figure 10. Varying dynamics of the droplet contact with electrodes. The scale bar is 150 pm for all pictures. Also, see supporting Movies S3—S8.

charge when contacting via a single cone and acquires a low
charge when contacting via any other method.

We were not able to directly estimate the amount of charge
the droplet acquired during each contact because the high
magnification used to visualize droplet contact did not allow us
to visualize the entire droplet transit or make any reasonable
estimate of the droplet velocity. We attempted to align the
recorded video and recorded current trace to estimate the
charge acquired by the droplet via the recorded current, but
the high magnification of the video blocked the view of the
overall trajectory of the droplet and complicated the alignment
of the recorded current and video data with confidence.
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Nonetheless, the similar percentages of low-charge events and
irregular droplet contacts strongly suggest that droplets acquire
the preferred charge when contacting via a single cone and a
low charge when contacting via any other dynamic.

B DISCUSSION

The overarching conclusion of this work is that aqueous
droplets randomly obtain much lower amounts of charge than
average, regardless of voltage, conductivity, or volume. The
frequency of these low-charge events is described by the Pascal
distribution with a mean probability of 13%. In contrast, metal
balls bouncing between electrodes were not observed to
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Figure 11. Frequency of observed contact dynamics of 3.5 uL
droplets. The inset shows the frequency of all “irregular” contact
dynamics besides single cone. The sample size is 161 individual
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experience low-charge events, suggesting that low-charge
events are unique to the charge transfer between liquid
droplets and electrodes, and not a general consequence of
repeated charge transfer between conducting objects.

Importantly, the occurrence rate of low-charge events (13%)
is commensurate with the occurrence rate of irregular droplet
deformation dynamics (16%). This observation raises the
question: Why would the method of contact affect the amount
of charge the droplet acquires? The exact mechanism of the
charge transfer between electrodes and droplets is not well
understood,'”*" making it difficult to say exactly how the
different contact dynamics affect charge transfer. Previous
researchers have speculated that electrochemical reactions
involving the droplet and electrode metal are responsible for
the charge transferred.>'”*® Thus, the different contact
dynamics may cause a decrease in the effective contact area
or time, which could affect the extent of any electrochemical
reactions. More recently, Elton et al. have observed dielectric
breakdown occurring between sufficiently high-conductivity
droplets and electrodes during charge transfer.””** As droplets
approached the electrode, the electric field between the droplet
and electrode overcame the dielectric breakdown strength of
the insulating fluid, causing an arcing event. The local electric
field between the droplet and electrode is sensitive to the
curvature of the droplet; therefore, a droplet deforming in an
irregular dynamic may not experience dielectric breakdown
prior to a direct electrode contact, which might alter the
amount of charge transferred to the droplet.

In some cases, it is easy to envision why the droplet could
acquire lower charge as a consequence of some irregular
contact dynamics. For example, a droplet which ejects a highly
charged cone jet just prior to contacting the electrode could
acquire much less charge because jets emitted from charged
droplets are known to be highly charged,*"*°" and
accordingly, some of the charge is transferred via the jet
instead of via a direct contact. Similarly, a droplet contacting a
sessile drop already on the electrode must exchange charge
with the electrode through the sessile drop, a process which
may be limited either by the droplet conductivity or sessile
drop size,” rather than the electrical properties of the
electrode.

It is more difficult to envision why other contact dynamics
could lead to lower amounts of charge acquired by the droplet.
It is important to remember that droplets deform to balance
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electrical and surface tension forces,”””> so a droplet
deforming to form double Taylor cones, or any of the other
observed irregular contact dynamics, is presumably responding
to a different electric field than a droplet which deforms into a
single Taylor cone. Because droplets acquire different amounts
of charge depending on the electric field,”*~*° a change in the
local electric field may directly affect the amount of charge
droplets acquire.

One clear example of the local electric field affecting the
droplet deformation is droplets that contact the electrode in an
asymmetric manner. These droplets were observed to be very
close to the bottom end of the electrode, and it is likely that
these droplets experienced a lower electric field strength than
droplets which contacted the electrode higher where the
electric field is more uniform. The decrease in the electric field
strength could lead to their lower charge acquired. It is unclear
why droplets would sink slightly downward toward the bottom
of the electrode and then rise again in subsequent bounces.

Except for changes in the droplet location relative to the
electrode, it is not clear why the droplet would experience a
different electric field on subsequent bounces. One possibility
is that the electrode was physically changed during the
previous charge transfer events. Electrode deformations that
could cause variations in the local electric field, including
bumps and craters, were observed to be caused by heat
released from dielectric breakdown between droplets and
electrodes during charge transfer.””*° Only high-conductivity
droplets caused cratering on the electrode, however, so the
observation that low-conductivity deionized water droplets also
often experienced low-charge events indicates that electrode
cratering cannot be the only reason for the low-charge events
to occur.

The electric field between the droplet and electrode is also
affected by the charge density of the incoming droplet because
the droplet charge will affect the potential difference between
the droplet and electrode. We do not observe any clear
correlation between droplet charges prior to bounces where
the droplets acquire the preferred charge or a low-charge event
(Figure S3), suggesting that the charge of the incoming droplet
by itself is not responsible for low-charge events.

A final possibility is that the charges on the droplet surface
are unable to move fast enough to rearrange evenly as the
droplet approaches the electrode, resulting in a different local
electric field between the electrode and droplet. The charge
relaxation time, or the characteristic time for charges to
rearrange on the surface of the droplet, is 7 us for deionized
water droplets, which is much faster than the observed contact
dynamics (~83 us, or one frame, in the high-speed video). The
fast charge relaxation time relative to contact time suggests that
charges have sufficient time to rearrange as the droplet deforms
prior to contacting the electrode, and thus, the exact charge
arrangement is unlikely to be responsible for low-charge
events.

Regardless of why droplets experience low-charge events,
their occurrence may have a significant impact on the reported
average and standard deviation of reported charge values.
Many literature reports provide just an average and standard
deviation of the charge transferred to the droplet. The
presence of a single low-charge event during an experiment
may significantly change the average and standard deviation of
the recorded data, invalidating the assumption that the
standard deviation is an accurate representation of the charge
variation. In some cases, reporting the median of the charge
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rather than the mean may give a more appropriate measure of
the usual amount of charge, particularly if a small number of
bounces is analyzed.

Finally, two other general observations should also be briefly
discussed. First, all droplets observed acquired more positive
charge than negative charge, regardless of the droplet volume,
the droplet conductivity or the applied field strength. This
observation is consistent with multiple previous reports (see
ref 24 for a review). The cause for this imbalance is not
currently well understood, although it may be because of
residual static charge on the surface of the cuvette or the
surface of the electrode substrate.*” Although we took care to
remove excess static charge prior to inserting the droplet, we
made no attempt to measure the residual static charge on the
surface of the cuvette.

Interestingly, metal balls were observed to acquire more
negative charge than positive charge (cf. Figure 4), which is in
contrast to several previous 1‘ep0rts.31_33 It remains unclear
why this occurred because the experimental setup was
prepared similarly for both droplet and solid particle
experiments, although static charge on the glass rod support
connected to the metal ball may affect the measurement of the
charge on the ball.

A second general observation is that droplets were always
observed to acquire less than the theoretical maximum amount
of charge a spherical conductor should acquire from an
infinitely planar electrode as calculated by Maxwell. This result
has also been widely observed in the past’>>*~*%***® and may
be due to the deformation of the droplet as it approaches the
electrode,”*® the limited conductivity of the droplet,”* or
dielectric breakdown which occurs between the droplet and
electrode as the droplet approaches.””® It is unclear why
metal balls also acquired less charge than predicted, although it
has been suggested that dielectric breakdown between the ball
and electrode may prevent actual contact from occurring, thus
limiting the amount of charge the ball acquires.”**

B CONCLUSIONS

A bounce-by-bounce analysis of the charge acquired by
aqueous droplets reveals that droplets randomly obtain much
lower amounts of charge than previous or subsequent bounces,
regardless of the applied voltage, droplet conductivity, or
droplet volume. In contrast, metal balls were never observed to
experience low-charge events, suggesting that low-charge
events are unique to charge transfer between aqueous droplets
and electrodes and not a consequence of repeated charge
transfer between conducting objects. The frequency of low-
charge events is described by a Pascal distribution with a mean
probability of 13%. Importantly, the rate of occurrence of low-
charge events (13%) is similar to the observed occurrence rate
of irregular droplet deformation dynamics (16%), suggesting
that the low-charge events are caused by irregular droplet
deformation dynamics.

On a fundamental level, the results presented here indicate a
need for more research in understanding the exact charge
transfer process and the exact role of the electric field in
determining how the droplet contacts the electrode. Perhaps
more importantly, the results presented here have implications
in the reporting and quantifying of the charge acquired by
droplets. A single low-charge event during an experiment with
a limited number of bounces may significantly change the
reported average and standard deviation of the charge acquired
by the droplet. In terms of practical applications, the results
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presented here are of fundamental interest in the development
of electrocoalesers,'” electrostatic dehydrators,2 lab-on-a-
chip-type devices,”*** and other devices”****** which use
electric fields to manipulate droplets. Workers designing these
systems for practical applications should be aware that droplets
will frequently obtain a significantly lower charge than
anticipated and design their systems accordingly.
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