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This work uses a minimalist model for deciphering the opposing effects of Coulomb repulsion
and surface tension on the stability of electrosprayed droplets. Guided by previous observa-
tions, it is assumed that progeny droplets are ejected from the tip of liquid filaments that are
formed as protrusions of an initially spherical parent. Nonspherical shapes are approximated
as assemblies of multiple closely spaced beads. This strategy greatly facilitates the calculation
of electrostatic and surface energies. For a droplet at the Rayleigh limit the model predicts that
growth of a very thin filament is a spontaneous process with a negligible activation barrier. In
contrast, significant barriers are encountered for the formation of larger diameter filaments.
These different barrier heights favor highly asymmetric droplet fission because the dimensions
of the filament determine those of the ejected droplet(s). Substantial charge accumulation
occurs at the filament termini. This allows each progeny droplet to carry a significant fraction
of charge, despite its very small volume. In the absence of a long connecting filament, relieving
electrostatic stress through progeny droplet emission would be ineffective. The model predicts
the prevalence of fission events leading to the formation of several progeny droplets, instead
of just a single one. Ejection bursts are followed by collapse back to a spherical shape. The
resulting charge depleted system is incapable of producing additional progeny droplets until
solvent evaporation returns it to the Rayleigh limit. Despite the very simple nature of the
model used here, all of these predictions agree with experimental data. (] Am Soc Mass
Spectrom 2009, 20, 496-506) © 2009 Published by Elsevier Inc. on behalf of American Society

for Mass Spectrometry

(MS) has evolved into one of the most versatile

and widely used analytical techniques. The ESI
process itself has been subject of numerous studies (see,
e.g., [1-12] and references therein). Analyte solution is
passed through a metal capillary to which high voltage
has been applied, and solvent droplets emanate from
the tip of a Taylor cone at the capillary outlet [11]. Each
droplet carries a net charge due to protons or other
cationic species that reside at the air/liquid interface.
Solvent evaporation and droplet fission are fundamen-
tal elements of the ESI process. Evaporation increases
the surface charge density to a point where fission
occurs. The disintegration process triggered in this way
is highly asymmetric, leading to the formation of sev-
eral small progeny droplets that carry away only a
small fraction of mass, but a disproportionately high
amount of charge [13, 14]. High-speed imaging is an
important tool for gaining insights into the breakup
mechanism [15, 16]. More recently, the rapid solidifica-
tion of charged nanodroplets using sol-gel techniques
has provided a means to capture transient droplet
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shapes and study them by microscopy [17]. Also, mo-
lecular dynamics simulations represent an interesting
approach in this area [9, 10]. All those studies reveal
that disintegration proceeds through intermediate struc-
tures where a parent droplet carries one or two thin
protrusions that can be considerably longer than the
parent diameter. Offspring droplets are ejected from the
tip of these liquid filaments in a manner that is remi-
niscent of processes occurring at the tip of a Taylor cone
[6]. After these emission “bursts”, the charge-depleted
residual parent returns to an approximately spherical
shape [15, 16, 18]. Repeated evaporation and breakup of
the fission products ultimately result in the formation of
nanometer-sized droplets from which gas-phase ana-
lyte ions are produced [1].

Progeny droplets are formed predominantly from
the outermost layers of their parent, leading to an
enrichment of species with high surface affinity [13, 19,
20]. In contrast, compounds with low surface affinity
accumulate in the charge-depleted residual parent, from
where ionization is inefficient [21, 22]. Two limiting cases
are commonly discussed for the final step by which ions
are released into the gas phase from nanometer-sized
progeny droplets. According to the charged residue
model (CRM), solvent evaporation to dryness releases
the analyte, which retains some of the droplet’s charge
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[23]. An alternative framework, the ion evaporation
model (IEM), stipulates that charged analytes can be
ejected from the droplet surface [24, 25]. It has been
suggested that large biomolecular ions are formed
predominantly via the CRM mechanism [2, 26-29], and
that the IEM is operative for relatively small analytes
[1]. In addition, proposals for scenarios involving ele-
ments of both models have been put forward [30, 31].

A solvent droplet is said to be at the Rayleigh limit
when its net charge reaches a value Qy that is given by
[1, 32]

Qr= 877'(803’1{3)]/2 (1)

where g is the permittivity of the vacuum, and vy is the
surface tension. In the ESI-MS literature the relationship
between Q and droplet stability is often treated some-
what casually, using statements such as [33] “[it was]
found that as the solvent evaporated the density of
charges on the droplet surface would increase to a
critical value, now known as the ‘Rayleigh limit’, at
which Coulomb repulsion would overcome surface
tension. The resulting instability would cause the drop-
let to break up into a plurality of offspring droplets”
(this quotation is meant to represent a typical example;
it is not to be construed as a criticism of reference [33]).
Statements of this type will prompt a number of ques-
tions, especially from readers less familiar with theoret-
ical aspects of the ESI process. (1) How exactly can the
interplay of Coulomb forces and surface tension be
interpreted, considering that the two factors do not
even share the same physical units? (2) What is the
reason for the generally observed asymmetry in prod-
uct size, considering that Rayleigh’s mechanism [32]
should favor the formation of two equally sized frag-
ments [9, 18, 34, 35]? (3) What are the consequences of
offspring droplets being ejected from the tip of ex-
tended protrusions, instead of being emitted from the
surface of a more or less spherical parent droplet? (4)
How is it possible for these protrusions to form, con-
sidering that surface tension tends to counteract any
deviations from spherical shape? (5) Why does disinte-
gration occur in bursts that produce several offspring
droplets, instead of just a single one? These and other
aspects may be addressed through detailed computa-
tional and theoretical approaches, where the intricate
fluid dynamics of highly charged liquids are modeled
from first principles. However, high-level endeavors of
this kind do not necessarily provide an intuitive under-
standing. The current work pursues a different strategy
that is based on a very simple “toy model.” Nonethe-
less, the framework used here can provide qualitative
answers to the questions outlined above.

Background

For modeling the breakup of highly charged solvent
droplets, we consider these systems to consist of a
perfectly conducting continuum fluid, in thermal con-
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tact with their surroundings. Levitation experiments
[36, 37] have shown that the time scale of the actual
disintegration events is short compared with solvent
evaporation. For reasons of simplicity, therefore, evap-
oration is not explicitly included in our model unless
noted otherwise.

The fissility f of a droplet is defined as f = E-/2Eg
[6, 38, 39] where E- is the Coulomb (electrostatic) energy
of a sphere with net surface charge Q and radius R

_ 1
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and Eg is the corresponding surface energy (area X
surface tension)

Es = 4myR® (3)

Droplets tend to be round because a sphere represents
the shape with the lowest surface area (and hence the
lowest Eg) for a given volume. When expressing the
droplet charge relative to Qy using the factor g = Q/Qx
the fissility becomes

f=q (4)

such that f = 1 for Q = Qz (7 = 1). For analyzing the
fragmentation process it is useful to introduce a reac-
tion coordinate d. Energy profiles can be obtained by
plotting the energy difference

AE = E(d) B Epztrent (5)

where E,., is the sum of the parent droplet electro-
static and surface energies, and E(d) is the correspond-
ing energy sum for a particular configuration en route
to offspring droplet formation. An important parameter
for the kinetics of the process is the height of the energy
barrier AE,, separating reactants and products

AEz‘s = E(dts) - Eparmt (6)

where E(d,,) is the transition-state energy, also referred
to as “saddle point energy” in the fission literature [40].
Considerable deformation of the system at d,, into a
non-spherical shape results in a high surface energy. At
the same time, the emerging disintegration products
are in close proximity, such that the Coulomb energy
remains high. As a result, d,; represents the most
energetically unfavorable configuration. For AE,, > 0
fission may occur as thermally activated barrier cross-
ing, characterized by a rate constant k that follows an
Arrhenius-type expression [41]

k= A exp(—AE,/RT) )

with a pre-exponential factor A and the gas constant R.
Barrier crossing will be facilitated under conditions of
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elevated temperature T. If different fragmentation chan-
nels compete with each other (leading to fragments of
different size and charge) the extent to which each
channel becomes populated depends chiefly on the
corresponding value of AE,. Channels with low AE,
will be favored over those with higher barriers. After
the system has crossed the transition-state, the emerg-
ing fragments may still remain connected by a liquid
bridge. Because the liquid is conductive, charge migra-
tion can occur up to the scission point (d,,) at which the
connection ruptures.

For deriving eq 1, Rayleigh [32] assumed that frag-
mentation is triggered by shape oscillations. Droplet
deformations were described in terms of spherical har-
monics, and he concluded that the fragmentation chan-
nel having the lowest AE,; is associated with quadru-
pole (prolate—oblate [9]) oscillations, whereas higher
order deformations are less effective at mediating dis-
integration [42]. For a neutral droplet (f = 0) disintegra-
tion is highly endothermic due to the increase in total
surface area. Fission gradually becomes more favorable
as f increases from zero to unity. In this range the
surface enlargement is more and more offset by a
reduction in Coulomb energy due to charge separation.
In Rayleigh’s model, fission under these intermediate
conditions can be exo- or endothermic, and product
formation involves barrier crossing as discussed above.
At f = 1 the barrier height becomes zero such that
disintegration takes place spontaneously in a downbhill
fashion [39, 43]. Droplets with f > 1 are even more
highly labile [35]. The concepts outlined here for a
charged liquid droplet can similarly be applied to metal
clusters [38] and atomic nuclei [44].

The Model

Almost 100 years after Rayleigh’s seminal paper [32],
Ryce and Wyman developed a “two sphere model” for
the breakup of charged droplets [18, 45]. Variations of
the model have recently been applied for studying the
fragmentation of gas-phase protein complexes [46—48].
Droplet disintegration according to Ryce and Wyman
[18, 45] can be described as a budding process, where a
fully developed offspring droplet emerges and subse-
quently separates from its parent. The two droplets
remain connected by a conductive filament until the
system reaches the scission point. Within the two
sphere model it is assumed that this filament has a zero
surface energy and carries no charge. This is an obvious
problem, because it is known today that offspring
droplets are emitted from elongated protrusions, and
that the protrusion diameter is comparable to that of the
ejected droplet [14-17]. Thus, the assumption of an
infinitely thin connection is not tenable.

This work develops a simple framework for the
disintegration of charged droplets that addresses the
limitations of the two sphere model. A central feature of
Ryce and Wyman’s work [18, 45] that is retained here
is the use of charged spheres, but the current study
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employs multi-bead assemblies. Determining charge
distributions, as well as Coulomb and surface energies
for irregularly shaped objects (such as droplets during
fragmentation) can be a daunting task. For structures
consisting of spheres, however, these calculations are
straightforward. Accordingly, a key element of our
model is the approximation of solvent filaments as
strings of closely packed beads. Considering that these
protrusions can exhibit considerable thickness undula-
tions [29, 49], modeling filaments as bead strings ap-
pears to be a reasonable approach for gaining qualita-
tive insights into the process.

We consider a parent droplet with radius R, and
charge Q,. At some reaction coordinate value d < d,, a
liquid filament has emerged from the droplet. This
entire structure is described as a linear chain of n beads.
Bead 1 corresponds to the residual parent droplet with
radius R; (R; < Ry). The protrusion is represented as a
chain of (n-1) beads, all of which have the same radius
R, (R, < R;). It is convenient to express all radii in
dimensionless units (r; = R;/R, with i = 0, 1, 2) such
that ry = 1, and

n=01-nn)" (8)

as illustrated in Figure 1. Growth of the filament may be
envisioned in different ways. For example, one can
consider a mode whereby successive additional beads
emerge from the residual parent and become part of the
protrusion. This process is modeled as a stepwise
increase of n at constant r,. Other types of growth
processes will also be considered. The total length of the
system, measured as the midpoint distance between the
first and the last bead, represents a suitable reaction
coordinate d. For n > 1 the value of the d is

d=r+ (Zn - 3)r2 )

This expression holds as long as all beads are at-
tached to each other. Progeny droplet formation at the
scission point d,, corresponds to release of the terminal
bead n. This implies that for d > d,, the value of the
reaction coordinate is given by the right hand side of
(eq 9), plus and additional term that describes the
edge-to-edge distance of beads n and (n — 1). Forn =1
the reaction coordinate value is taken as d = 1. Forma-
tion of a filament, followed by progeny droplet emis-
sion within our “multi-sphere model” are schematically
depicted in Figure 2.

For determining the energy profile of the reaction (eq
5) one has to calculate the difference in Coulomb and
surface energies (eqs 2, 3) between the parent droplet
and any of the configurations leading to the fragmented
system (Figure 2). In addition, the mutual electrostatic
repulsion among the beads has to be taken into account.
Accordingly, if Q; is the charge on bead i, and R; is the
midpoint distance between beads i and j it can be stated
that



J Am Soc Mass Spectrom 2009, 20, 496-506

residual parent droplet
I 1

liquid filament
(modeled as a bead chain)
| 1

bead number 1 2 3 n

Figure 1. Depiction of a charged droplet that is attached to a
liquid filament within the model used here. The filament is
described as a chain of beads. The radius of the residual parent
droplet, r;, and that of the filament beads, r,, are indicated. Also
illustrated is the bead numbering used throughout this work.
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This equation is best dealt with by using dimensionless
variables. For this purpose all charges are expressed
relative to the Rayleigh charge of the parent droplet.

3= Q/[87(e0¥R3)"’] (11)

In addition, all energy differences are reported relative
to the surface energy of the parent droplet

AE

Ae = 5
41yRy

(12)

Dimensionless bead radii (r;, r,) have already been
introduced above. With these transformations the en-
ergy profile of the reaction (eq 10) becomes

Ae = Aec(rQ, o, n) + Aes(rz, n) (13)

with the normalized Coulomb energy change

2 247
AEC(sz%,”) ql E o

n-1 n
i+ 3 3 g

jEitL T
the normalized surface energy change
Aes(ry,n) =11+ (n—1)r3—1 (15)
and the activation barrier height A¢,.. As implied by the
notation used in eqs 13-15, Ae depends on only three

independent parameters as long as all beads are at-
tached to each other, namely r,, qo, and n. The inter-
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bead distances r;; are obtained from geometric consid-
erations (Figure 2). Conservation of volume allows r, to
be eliminated according to eq 8. Similarly, conservation
of charge implies that g, = %?:1 g, where the g; values
on the individual beads correspond to the lowest pos-
sible value of Ae- in eq 14. For n = 2 the charge
distribution can be determined analytically [45], but for
n > 2 such a strategy quickly becomes impractical. The
current work therefore uses a numerical optimization
procedure for determining the g; values on beads 1, . . .,
n that correspond to the global minimum of Ae.. For
d > d, the terminal bead is separated from the rest of the
system. From this point on, n remains constant, being
replaced by d as an independent parameter. The dis-
tance separating beads n and (n — 1) has to be taken into

(a) @
(b) @
(c) @

(d) ;
Orrrm O
(e)

Figure 2. Droplet configurations along a possible fragmentation
pathway. (a) Intact parent droplet; (b) Onset of protrusion forma-
tion; (c) protrusion growth; (d) Several steps later the liquid
filament has fully formed; (e) The system has passed the scission
point and a progeny droplet (terminal bead) has been ejected.
Double-headed arrows represent the value of the reaction coordi-
nate d at each stage, representing the overall length of the system.
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account for determining distance values r;,. Finally,
when using the dimensionless coordinates introduced
above, eq 4 for calculating droplet fissilities has to be
modified according to

fi=aqir’® (16)

The data discussed in the following sections were
obtained using a FORTRAN program that was written
based on eqs 8-16. Charge values g; were determined
using the IMSL routine UMINF (Visual Numerics,
Houston, TX).

Results and Discussion

The multi-bead model outlined in the previous sec-
tions (Figures 1, 2) was used for exploring the ener-
getics of progeny droplet emission from the tip of a
liquid filament that is attached to the residual parent
droplet. Droplet emission is preceded by formation of
the filament.

Charge Distributions

Before discussing the droplet disintegration processes
itself, it is instructive to examine energy-minimized
spatial charge distributions for two different bead as-
semblies, initially focusing on a parent droplet at the
Rayleigh limit (g, = 1). We first consider an arrange-
ment that is not meant to resemble an intermediate of
the fragmentation process, namely one where the par-
ent droplet has been distorted into a chain of equally
sized beads (n = 11). The radius of each bead in this
case is r, = 1173 = 0.4496. Electrostatic repulsion
leads to charge accumulation on the two terminal
segments (7, = q; ~ 0.15), whereas the beads in the
center of the chain carry lower charges around 0.077
(Figure 3a). Close inspection reveals local charge min-
ima in positions 2 and 10, caused by electrostatic
repulsion from the highly charged neighboring termini.
Two conclusions regarding the energy-minimized charge
distribution on liquid filaments can be drawn (1) charge
accumulation occurs at the termini and (2), an above-
average charge on one segment induces charge depletion
in adjacent sections. Another scenario is depicted in
Figure 3b, where a residual parent droplet (bead 1) is
attached to a protruding filament consisting of ten small
beads with 7, = 0.15. As expected based on its much
larger capacitance, the residual parent accommodates
most of the total charge. Repulsion leads to consider-
able depletion in adjacent segments, with bead 2 carry-
ing a charge close to zero. Bead 11 at the end of the
filament represents the second most highly charged
segment. Already, from the data in Figure 3b it is
apparent that ejection of the terminal segment as a
progeny droplet will reduce the charge of the overall
system by a relatively large amount (6% for the param-
eter set used here), despite its very small-volume frac-
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Figure 3. Charge values g; for two different bead assemblies of
the same total charge g, = 1. (a) Linear string of 11 beads, as
shown in the inset. (b) Large residual parent droplet attached to a
10 bead-filament. Note that the first data point in panel b has been
scaled down by a factor of 10.

tion of 0.3%. This feature represents one of the hall-
marks of the ESI process [13].

Droplet Breakup after Filament Growth at
Constant Diameter

Several modes of filament growth can be envisioned
within the framework developed here. We will first
consider the formation of a protrusion at constant
diameter, modeled as a stepwise increase in the number
of beads 1 at constant r,. The sequence corresponding to
n=1,...,11, withr, = 0.15 and g, = 1 will serve as an
example. It is assumed that the scission point d,, is
reached once the eleventh bead has formed, corre-
sponding to the scenario depicted in Figure 3b. Several
system properties associated with this process are plot-
ted as a function of the reaction coordinate d in Figure
4. Filament growth causes a pronounced increase in
surface energy Aes as the system deviates more and
more from its initial spherical shape. At the same time,
formation of the protrusion allows charge to spread out,
resulting in a decrease in Coulomb energy Ae. (Figure
4a). The increase in Aeg ends with the onset of progeny
droplet (bead 11) ejection at d,,. In contrast, Aec contin-
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Figure 4. Reaction coordinate profiles of various system proper-
ties for the fission scenario outlined in Figure 2, i.e., filament
growth at constant diameter, followed by progeny droplet ejec-
tion. Parameters used: r, = 0.15, g0 = 1, and n = 1,..., 1L
(a) Difference in Coulomb energy Ae- and surface energy Aes.
(b) Overall energy difference Ae, representing the sum of the two
contributions in panel a. Also shown are the location of the
transition-state d,,, and the scission point dj,,. (c) Charge q; on each
of the beads during filament growth, and after progeny droplet
ejection. Labels for g3, g5, 4, and gy have been omitted to reduce
cluttering. (d) Fissility f,, of the terminal filament bead.
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ues to drop while the progeny droplet separates further
and further from the newly formed end of the protru-
sion, driven by electrostatic repulsion.

Inspection of the overall energy profile (Figure 4c)
shows that the first step of filament growth, i.e., forma-
tion of bead 2, is associated with an energy barrier
Ae,, > 0. In contrast, all subsequent steps proceed ener-
getically downhill, leading to the exothermic formation
of a long protrusion all the way to d,,. In other words,
an initial small bulge on the surface of the parent
droplet (at n = 2) acts as nucleus for the spontaneous
growth of a long protrusion. The driving force of the
process for n > 2 is the decrease in electrostatic energy,
which overcompensates for the unfavorable gain in
surface energy. The energetic downhill nature of fila-
ment growth makes it understandable why it is possible
for highly charged droplets to form very long appendi-
ces [14-17], resulting in shapes reminiscent of those that
might be produced by mechanically stretching a vis-
cous object (bubble gum pulling analogy).

Figure 4c illustrates how the charge distribution
within the system changes during filament growth and
after progeny ejection. As expected based on Figure 3b,
a major fraction of the total charge remains on bead 1
throughout the whole process. Yet, gradual increase of
the filament surface area allows the displacement of
more and more charge from the residual parent to the
filament beads (q; curve in Figure 4c). The terminal
segment always carries a larger charge than all the
preceding filament beads. This implies a dramatic drop
in the charge g, , every time a new bead #n is formed,
giving rise to the characteristic sawtooth pattern for g,
to g, in Figure 4c. Ejection of bead 11 at d,, is accom-
panied by a marked increase of 4,0, as bead 10 takes
over as the new terminus. As we will discuss later, this
implies that the system is now poised for the ejection of
additional progeny droplets. Another interesting fea-
ture is that the charge residing on the terminal bead
during growth of the protrusion increases for the first
few elongation steps, and then saturates after ca. six
beads have been formed. Close inspection of Figure 4c
even reveals a slight decrease past the eighth elongation
step, which is based on a “dilution” effect as the total
charge spreads over the rapidly increasing surface area.

Throughout the process one can assign a fissility
value f,, to the terminal bead according to eq 16 (Figure
4d). It is more common to discuss f values for isolated
droplets and not for segments within a larger liquid
structure. Nonetheless, the data in Figure 4d represent a
measure of the “electrostatic stress” experienced by the
chain terminus. The particular scenario considered here
leads to an unstable progeny droplet with a fissility
slightly larger than unity. Under such conditions the
high electric field at the tip of the protrusion might
result in ion emission even before progeny droplet
formation, assuming the presence of analytes that are
amenable to IEM ionization.
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Activation Barrier Effects on Progeny Droplet Size

As noted in the Background section, fragmentation
channels with low activation barriers will be favored
over those with larger Ae,, values. This has major
implications for the size of the progeny droplets being
formed. To determine which barrier heights are ener-
getically accessible, one has to consider the magnitude
of the spontaneous energy fluctuations that the parent
droplet undergoes as it interacts with its surroundings.
Expressed on a normalized scale, the standard devia-
tion o, of the droplet internal energy is [50]

\/kT°C, )

47yR3

g,

where k is Boltzmann’s constant and C,, is the heat
capacity. For Ry = 0.5 um and a temperature of T = 370
K this corresponds to o, ~ 0.01. Thus, micrometer-sized
parent droplets that are typically encountered during
the early stages of ESI [1] can readily overcome energy
barriers of Ae,, ~ 0.01 in the heated environment of a
typical ion source. Fragmentation channels associated
with Ae,, values that considerably exceed 0.01 will not
become strongly populated.

Readers are reminded that the progeny droplet size
within our model is determined by the radius of the
filament beads, a feature that is supported by previous
studies [14-17]. For the case of filament growth at
constant radius, Figure 5a illustrates how the overall
energy profile Ae depends on r,. Note that these data
are plotted versus #, and not versus the reaction coor-
dinate d. Bead radii of 0.2 and larger are associated with
a barrier at onset of filament growth (formation of bead
2, dotted line in Figure 5a). Barrier heights Ae,, of 0.03 to
0.08 are encountered for r, between 0.2 and 0.4 are
(Figure 5b). Even larger Ae,, values are found for r, >
0.4 (data not shown). These barriers considerably ex-
ceed the thermally accessible range of Ae ~ 0.01, indi-
cated by the dashed line in Figure 5b. Therefore, fila-
ment and progeny droplet formation with r, values of
ca. 0.2 and larger is energetically disfavored for the
growth mode considered here.

A different situation is encountered for thinner fila-
ments that give rise to correspondingly smaller progeny
droplets. The transition-state is shifted to n = 3 for r,
values of 0.05 and 0.1. More importantly, the barrier
heights under these conditions are considerably lower
due to the smaller surface area changes involved. The
value of Ae, for r, = 0.1 is slightly below 0.01. An
almost barrier-free transition (Ae,; = 0.003) is encoun-
tered for r, = 0.05. These considerations show that the
formation of very small progeny droplets (resulting
from thin filaments) is kinetically favored, thus provid-
ing a simple explanation for the prevalence of asym-
metric fission events during ESI.

A complicating factor that has to be discussed is the
following: The onset of filament formation is kinetically
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Figure 5. (a) Overall energy difference Ae for filament growth
at constant r, for g, = 1. The dotted line marks the transition-
state at n = 2 for datasets with r, = 0.2 to , = 0.4. Progeny
droplet ejection is not considered here, but might occur at any
point where n > 1. (b) Transition-state energy Ae,, for the data
from panel a. The dashed line in panel b indicates the threshold
level of Ae = 0.01.

favored for small values of r,, however, this situation
tends to result in unrealistically high fissility values if
the growth process continues to large values of n. For
example, the r, = 0.05 dataset in Figure 5b reaches f, =
2.1 for n = 11. Theoretical studies support the idea that
progeny droplets may be charged close to the Rayleigh
limit under some conditions [51]. However, super-
charging the terminal segment all the way to f = 2.1
seems unrealistic because secondary disintegration
would likely take place long before this point. Chain
growth in this particular case would not be expected to
proceed far beyond n = 5 (d = 1.35), where f, reaches a
value of unity. In summary, based on the parameter
space explored so far, our model predicts the formation
of very thin but short liquid protrusions as intermedi-
ates of the droplet disintegration process. Experimental
observations, on the other hand, have revealed the
presence of thin and long filaments [15-17]. In the
following section we will examine how this apparent
inconsistency can be resolved.
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Alternative Modes of Filament Growth

The previous discussion focused on only one particular
mode of filament growth, namely elongation at con-
stant diameter. We will now examine growth processes
that involve changes in both 1 and r,. It has to be tested
if excessive fissilities of the terminal segment for large n
can be avoided in this way, and if the prediction of
highly asymmetric fission remains valid.

The considerable energy barriers seen in Figure 5 for
r, > 0.1 are caused by the formation of a large filament
bead at the n = 1 — n = 2 transition. Such a budding
scenario may not be the most realistic description for
the onset of filament growth. A more likely mechanism
is the initial formation of a slender microprotrusion [9,
10], which then grows long and thick. Such a scenario is
shown by the energy profile data in Figure 6, where a
microprotrusion is formed by filament growth up to
n = 5 at a constant (but very small) value of , = 0.05.
The following three steps are modeled as an increase in
bead radius to r, = 0.1, 0. 15, and 0.2, at a constant value
of n = 5. Raising 7, in this way can occur spontaneously
because it is associated with a continuous energy de-
crease. A further increase in r, at constant n, however, is
energetically uphill and quickly reaches Ae values that
are thermally inaccessible (open symbols in Figure 6).
Alternatively, the system can revert to elongation at
constant diameter once r, = 0.2 has been reached.
Commencing the growth process through a stepwise
increase in n at this point allows further energetic
relaxation in a downhill fashion (Figure 6, solid
symbols).

This example demonstrates how formation of a long
and fairly thin filament (n = 11, d = 4.8, r, = 0.2) can
occur spontaneously if growth proceeds through an
initial microprotrusion, followed by an increase in ra-
dius, and subsequent extension at constant r,. The
activation barrier in this scenario is close to zero (Ae,, =

Energy Difference Ae
o
8

-0.12

Reaction Coordinate d

Figure 6. Overall energy difference Ae for filament growth
through a combination of bead insertion and diameter increase at
go = 1. Values of r, and n are denoted above and below,
respectively, of the data points. Progeny droplet ejection is not
considered. For details see text.
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0.003). Formation of the same filament at constant r,
would be virtually impossible due to the presence of a
10-fold higher barrier (Figure 5). Notably, the pathway
highlighted by the solid symbols in Figure 6 avoids
excessive fissilities for the terminal bead. After peaking
at f, = 1.1 for d = 1.7, the fissility drops to 0.76 for the
fully formed filament. At the same time, asymmetric
droplet fission (with 7, = 0.2) remains strongly favored
in this modified scenario.

Effects of Parent Droplet Charge

Early experiments suggested that disintegration can
already occur for droplets that are charged to only 70%
to 80% of the Rayleigh limit [15, 52]. However, more
recent and accurate data have shown that breakup only
happens for systems very close to Q = Qx [36, 37, 53].
Energy profiles were calculated in this study to explore
the effects of parent droplet charge on the fission
process. Out of the many possible fragmentation path-
ways, we chose the optimized scenario of Figure 6
(solid symbols), which is associated with the lowest
energy barrier. It was assumed that the scission point
corresponds to n = 11 atr, = 0.2 (Figure 7). Under these
conditions, fragmentation for a parent droplet at 80% of
the Rayleigh limit (g, = 0.8) is not feasible because it
would involve crossing of a thermally inaccessible
barrier (Ae,, >=> 0.01). The process becomes more favor-
able for q, = 0.9, but even under these conditions a
sizeable barrier persists. In contrast, fragmentation at
the Rayleigh limit (g, = 1) occurs with an activation
barrier close to zero and in a highly exothermic fashion.
For more highly charged droplets (g, = 1.5, g = 2) the
process is even more favorable. Very similar conclu-
sions are reached when testing other possible fragmen-
tation pathways (data not shown). Thus, our model
confirms the experimental finding [36, 37, 53] that the
Rayleigh limit (g0 = 1.0) represents a fundamental
threshold for the behavior of highly charged droplets,
below which fission is unlikely to occur. This agreement
is remarkable, considering that the fragmentation
mechanism discussed here (growth of a multi-bead
filament, followed by progeny droplet emission) is
completely different from that stipulated by Rayleigh
[32].

Emission of Multiple Progeny Droplets

Let us now consider a parent droplet with g, = 1 that
has reached the scission point by forming an extended
filament. Emission of the terminal segment n reduces
the charge on the residual system [(beads 1 to (n — 1)]
down to 1 — g,,. A spherical parent droplet carrying such
a sub-Rayleigh charge would be unlikely to undergo
disintegration, as discussed in the previous paragraph.
But the situation is different for the case considered
here; after ejection of bead n a filament remains at-
tached to the residual parent, such that a subsequent
emission event can occur without requiring barrier
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Figure 7. Overall energy difference Ae for filament growth follow-
ing the mechanism indicated by the solid symbols in Figure 6. Data
are depicted for different parent droplet charge values q,. Progeny
droplet emission occurs at the scission point d,, (vertical dotted line).
The dashed horizontal line indicates the threshold level of Ae = 0.01.
Data for g, = 1.5 and g, = 2.0 have been rescaled as indicated.

crossing. From the data in Figure 4c we know that
ejection of the terminal bead # is followed by charge
accumulation on the new terminus (n — 1). Thus, bead
(n — 1) can now be ejected as a second progeny droplet,
and (n — 2) becomes the new terminus. This may be
followed by ejection of bead (n — 2), and so on. In this
way a series of progeny droplets may be produced,
each of which carries with it a substantial amount of
charge but only very little volume. This stepwise charge
depletion gradually reduces the Coulombic repulsion
within the system to a point where collapse of the
filament becomes energetically favored. Progeny drop-
let emission stops once the residual system has returned
to a spherical shape.

The energetics of such a sequence are depicted in
Figure 8, arbitrarily assuming that r, = 0.2 for all values
of n. We assume that the system has reached its scission
point at n = 11. The temporal development from this
point on is associated with either an increase or a
decrease of the reaction coordinate d. Values d > d,,
correspond to emission of a progeny droplet. In con-
trast, values for d < dsp represent collapse of the system,
where the protrusion shrinks by merging of filament
beads with the residual parent. Figure 8a represents the
situation where n = 11 and g, = 1.0. Filament collapse
from d,, is energetically uphill, whereas progeny drop-
let emission, with q,, = 0.078, is highly favorable. Panel
B represents the residual system, which now carries a
charge of 1.0 — 0.078 = 0.922. Droplet emission under
these conditions remains highly favored, and the charge
on the emitted bead is g, = 0.073. In Figure 8c the
residual system now carries a charge of 0.922 — 0.073 =
0.849. Inspection of the Ae profile reveals that collapse
of the filament would be an exothermic process, but this
would require crossing of an energy barrier. Thus,
emission of a third progeny droplet with g, = 0.070
remains the more favorable alternative. For the subse-
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Figure 8. Energy profiles for systems that undergo either prog-
eny droplet ejection or filament collapse at successively lower
charge and successively shorter filaments (r, = 0.2). The charge
emitted with each progeny droplet and the corresponding bead
number are indicated in (a)—(e). Dotted lines indicate the location
of the scission point in each panel. For further explanations see
text.
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quent scenario of Figure 8d the system is now severely
depleted of charge, with a total g value of only 0.849 —
0.070 = 0.779. Under these conditions both filament
collapse and progeny emission represent viable options,
since both are energetically downhill. Should emission
of droplet 8 occur (g3 = 0.065), the remainder of the system
would be left with a charge of only 0.779 — 0.065 = 0.71.
At this point, the potential energy gradient for collapse
is comparable to that for emission of droplet 7 (Figure
8e). Emission of additional droplets remains a possibil-
ity if this sequence is continued, but the driving force
for filament collapse increases with each subsequent
step (data not shown). Every emitted progeny droplet
in our model carries a charge slightly lower than the
previous one.

It is seen from the these considerations how the
model predicts that a droplet at the Rayleigh limit emits
not one, but several progeny droplets. This prediction is
consistent with experimental observations [1, 13, 15, 16].
The system returns to a spherical shape once charge
depletion has occurred to such an extent that maintain-
ing the protrusion is energetically no longer viable.
Progeny droplet emission can only commence if solvent
evaporation reduces the droplet diameter until it once
again reaches the Rayleigh limit.

Conclusions

Toy models describe complex physical phenomena in
simplified ways, nonetheless capturing the essence of
the underlying processes. In this study, we examined
the interplay of surface energy and Coulombic repul-
sion that governs the disintegration of highly charged
solvent droplets, for example under ESI conditions.
Approximating the shapes of distorted droplets as bead
assemblies greatly simplifies the energetics of the sys-
tem. Naturally, using such a basic approach has its
limitations. For example, the model has no bearing on
previously derived scaling laws [14, 51] that describe
how the process depends on conductivity, dielectric
constant, density, and viscosity. Referring back to the
five points raised in the Introduction section, the fol-
lowing conclusions can be reached.

1. Equation 10 provides a basic tool for analyzing the
opposing effects of Coulomb repulsion (which fa-
vors filament formation and progeny droplet emis-
sion), and surface tension (which favors the reten-
tion of a spherical parent droplet).

2. Whether or not a certain physicochemical pathway
is viable depends chiefly on the height of the corre-
sponding activation energy barrier [41]. Develop-
ment of a thin liquid filament is associated with a
lower barrier than formation of a protrusion with
large diameter. This difference in barrier height
implies the prevalence of progeny droplets that are
much smaller than their parent (Figures 5, 6), given
that the filament diameter is comparable to that of
the emitted droplet(s) [14-17].
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3. The fact that progeny droplets are emitted from the
tip of long filaments is responsible for the high
charge on these droplets. A small droplet that is
directly attached to the surface of a spherical parent
carries relatively little charge (see data for g, in
Figure 4c). Thus, progeny emission directly from the
surface of a spherical parent would be an ineffective
mechanism for lowering the electrostatic stress of
the system. In contrast, a long filament that is attached
to the parent will accumulate a considerable amount
of charge at its tip (gy; in Figure 4c). Release of this
terminal segment leads to the formation of a much
more highly charged progeny droplet.

4. Surface tension generally tends to favor the reten-
tion of an overall spherical shape for the system.
However, the internal Coulomb repulsion of drop-
lets at the Rayleigh limit is so extreme that the
formation of long filaments can occur spontane-
ously. This is because the shape deformation allows
charge to spread over a larger surface area, keeping
in mind that the repulsion between two ions is
proportional to their inverse distance. Filament for-
mation for droplets at the Rayleigh limit occurs with
an activation barrier close to zero (Figure 7). Our
model suggests that the most likely mode of growth
is the initial formation of a short and thin nucleation
filament, followed by an increase in thickness to r, ~
0.2, and subsequent growth of the protrusion at
constant diameter until the scission point is reached.

5. Emission of several progeny droplets is favored
over the emission of a single fragment. This is
because once a filament has been formed as launch-
ing site for the first progeny droplet, additional
droplet emission is an energetic downhill process
without barrier crossing. This allows a large fraction
of the system charge to be drained before surface
tension causes the filament to collapse. After a
number of progeny droplets have been emitted the
charge depleted system returns to a spherical shape
well below the Rayleigh limit (Figure 8).

In summary, the disintegration of charged droplets
during ESI is a complex process, and clearly the very
basic framework used here cannot provide a highly
accurate description of the underlying dynamics. None-
theless, comparison with previous experimental and
theoretical studies reveals that many features are cap-
tured surprisingly well.
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