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Role of cohesive energy in droplet fragmentation
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Using molecular-dynamics simulation, we investigate the fragmentation behavior of droplets after collision
with a wall. We demonstrate that the ratio of the impact to the cohesive energy E.q, of the droplet is the key
quantity characterizing the droplet fragmentation process. To show this both van der Waals—bonded Ar and N,
droplets and polar H,O droplets are studied. If the impact energy per molecule E < (0.35-0.4) Eon, the droplet
is reflected without fragmenting. Beyond that impact energy fragmentation of the droplet abruptly starts. At
E = E ., the fragmentation process already results in a fine dispersal of the droplet into daughter droplets; the
maximum fragment contains only less than 4% of the initial droplet mass and around one-third of the droplet has
been shattered into isolated molecules. The disintegration process continuously increases with collision energy.
These findings are relevant for the process of droplet fragmentation as used in the method of impact desolvation

of electrosprayed microdroplets mass spectrometry.
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I. INTRODUCTION

Cluster- or droplet-wall collisions are of interest in a variety
of situations ranging from controlled cluster deposition [1]
over surface cleaning by cluster impact [2] to cluster-impact
chemistry [3]. Recently such collisions have also found appli-
cations as a mass spectrometric technique: impact desolvation
of electrosprayed microdroplets (IDEM) [4]. In this method the
analyte molecule is solvated in a (highly charged) microdroplet
prepared by an electrospray process; the droplet is accelerated
through a potential difference and collided with a wall with
the aim of desolvating the analyte without destroying it. While
the IDEM method is but one of several competing techniques
used for the mass spectrometry of macromolecules, our paper
focuses on the physical mechanism underlying it, viz., the
droplet fragmentation process.

The question arises as to what the optimum impact energy
is; the answer will depend on the properties of the analyte
molecule and on the analyte-droplet interaction. However,
the energy also depends on the properties of the solvent,
usually water or methanol. In this paper we focus on the latter
aspect and consider pure droplets, i.e., without the inclusion
of a solvated macromolecule; an extension to analyte-filled
droplets is beyond the scope of the present work [5]. We shall
demonstrate here that it is mainly one property of the solvent,
its cohesive energy E.on, that determines the fragmentation
behavior of the droplet; this renders its fragmentation behavior
universal once the impact energy has been scaled to Ey,. Cer-
tainly, the analyte-droplet interaction is decisive in determining
whether and when the analyte is completely desolvated; this
dependence, however, is not universal and will be analyzed
elsewhere [5]. We note that droplet fragmentation patterns
have been studied previously for clusters composed of van der
Waals—bonded atoms [6—9] and molecules [10,11] and also for
water [12,13], but in the present work we analyze the role of
the cohesive energy.
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Many aspects of droplet- and cluster-wall collisions have
been studied theoretically over the years. Macroscopic impacts
are covered by the method of fluid dynamics; see Ref. [14] for
a recent study. A recent review [15] assembles the available
knowledge on droplet intact reflection (called bouncing)
and fragmentation (subdivided into splashing, spreading, and
fingering).

The central message of our paper is that the ratio of the
impact to the cohesive energy E, of the droplet is the key
quantity characterizing the droplet fragmentation process. This
applies to both the temporal dynamics and the size distribution
of fragments as characterized by the quantities reported in
Table I below. We show that droplet fragmentation starts at
impact energies considerably below E = E.,, namely, around
(0.35-0.4)Eon, while at E = E_, the fragmentation process
already results in a fine dispersal of the droplet into daughter
droplets.

II. METHOD

We study the fragmentation behavior of droplets of three
widely differing materials after impact on a repulsive wall: Ar,
as an example of a simple, van der Waals—bonded material; N,
as a molecular material with similar bonding characteristics
and whose fragmentation characteristics are well studied [10,
11]; and water. The interaction potential in Ar [16] as well as in
N, [11,17,18]is of a Lennard-Jones form; the weak quadrupole
interaction present in the latter material is neglected. Water
interacts with the TIP4P potential [19]; note that molecular
vibration cannot be excited in this potential. We keep also
the N, molecules rigid since the high vibrational quantum
will not allow vibrational excitation at the collision energies
studied here. The cohesive energy amounts to E,, = 80, 75,
and 520 meV in Ar, N,, and H,O [20]. We note that in our
droplets, the average potential energy per molecule is smaller
than these values due to the influence of the droplet surface, as
well as the nonvanishing temperature, and amounts to 68, 65,
and 438 meV, respectively.

The wall is modeled to be hard, i.e., its cohesive energy
is assumed to be far above that of the droplet, and purely
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TABLE 1. Thresholds of scaled energies E/E.q, beyond which fragmentation sets in or becomes dominant.

Droplet Ng/n > 10% (m)/n < 10% Mmax /N < 10% Nmono/n > 50%
Ar 0.35 0.29 0.66 3.80
N, 0.40 0.40 0.72 1.50
H,0 0.38 0.36 0.63 1.72

repulsive. This appears to be a good approximation for the
impact of condensed-gas clusters on metal walls and even for
water clusters at not too high velocities. Our neglect of any
adhesion between the cluster and the wall appears justified
for the condensed-gas clusters at not too small speeds and
restricts our analysis to hydrophobic surfaces in the case of
water impacts. The effect of the wall on the droplet molecules is
modeled by a purely repulsive rigid external potential [10,11],
which acts on each cluster atom.

The molecular-dynamics code is standard [11,21]. It em-
ploys the velocity Verlet integrator to solve Newton’s equations
of motion with a time step of 1 fs. The cluster is initially
positioned at a distance in front of the wall such that the
cluster has no interaction with it. The simulation is then
started by giving each atom the same velocity toward the
surface.

We present results for droplets containing n = 9000
molecules; simulations with smaller droplet sizes (n > 3000)
gave almost identical result. We note, however, that the droplets
investigated here have diameters of around 8 nm and thus are
smaller than in typical experiments; for instance, in the IDEM
method droplets possess diameters of around 100 nm [4].
Systematic investigation of such large clusters by atomistic
simulation appears hardly possible due to the excessively large
computation times. Our droplets have a finite temperature of
T = 40 K (amorphous Ar and N;) and 300 K (liquid water) in
order to be closer to experiment. The total energy per molecule
when impacting on the wall is hence E = Ejyp + Ey, where
E;mp 1s the kinetic center-of-mass energy of the dropletand Ey,
is the thermal energy per molecule at the initial temperature.
We checked that a change in the initial cluster temperature 7
(for constant E) does not affect the fragmentation patterns
discussed below. In particular, we observed no difference

(@)

(b)

between the fragmentation of cold amorphous and warmer
liquid droplets.

The simulations lasted 300 ps and were repeated three times
with different impact conditions (droplet orientations) in order
to gather statistics. The droplets impact with an energy per
molecule E [varied in the range of (0.2—3.8) E.oh] on the wall.
The velocity of a droplet moving with E = E,, amounts to
0.60, 0.68, and 2.18 km/s for Ar, N, and H,O, respectively.
Only perpendicular impacts are studied.

III. RESULTS

In Fig. 1 we exemplify the result of the collision of the
(H2O)9000 droplet with the wall. Three collision energies
have been chosen, which demonstrate different fragmentation
regimes: the regime of (almost) intact reflection [Fig. 1(a)], in
which only 30 water molecules were shed off the droplet; and
the fragmentation regime [Figs. 1(b) and 1(c)], which shows
increasing destruction of the droplet with increasing energy. In
a sense to be quantified below (see Table I and its discussion),
Fig. 1(b) belongs to the onset of fragmentation, while Fig. 1(c)
shows fully developed fragmentation. The regime of complete
disintegration or atomization is not reached at the energies
studied here; previous studies [10] showed that the impact
energy must be of the order of E = 100E ., in order to destroy
all intermolecular bonds.

The time evolution of N, droplet fragmentation is shown in
Fig. 2; we note that the fragmentation dynamics of Ar and H,O
droplets have similar behavior and a comparison will be given
below (see Fig. 3). The collision and fragmentation process
can be divided into four stages: (i) During the compression
stage, 0-5 ps, the translational kinetic energy E is trans-
ferred into internal energy (heat and pressure) of the cluster.
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FIG. 1. Snapshots of the fragmentation of a (H,O)ggp0 droplet with impact energy per molecule of E/E., =0.23 (a),
0.51 (b), and 1.03 (c). The snapshots are taken at 25 ps and represent the regimes of (a) intact reflection, (b) onset of fragmentation, and
(c) fully developed fragmentation. (b) and (c) show the fragmented droplet from a farther distance than (a) in order to include a larger part of

the fragments created.
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FIG. 2. (Color online) Fragmentation dynamics of a N, droplet
with E/E ., = 1.00. The top shows the evolution of the translational
Tians and rotational T, temperatures. The bottom shows the evo-
lution of the number of molecules in the largest cluster my,, and
of the number of free monomers Nyq,,. The droplet collides with the
wall at the dashed line (¢ = 0). The other vertical lines divide the
fragmentation process into four stages: compression, lateral jetting,
void formation, and evaporation.

(i1) From 5 to 14 ps, the compressive pressure induces cluster
reexpansion. This expansion occurs mainly sideways, i.e.,
along the wall, while the remainder of the cluster still continues
moving toward the wall. Accordingly, this stage has been
termed lateral expansion or lateral jetting [11,22,23]. Due
to (adiabatic) expansion, thermal energy of the molecules
is transferred to intermolecular potential energy; therefore,
the temperature quickly decreases. In addition, expansion
strongly stresses intermolecular bonds, ejecting small clusters
and monomers along the wall surface and thus starting
the fragmentation of the droplet into clusters. (iii) During
14-60 ps large voids appear in the droplet due to the
tensile pressure forming now in the expanding fluid. The
voids eventually tear the fluid to individual clusters; thus the
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FIG. 3. (Color online) Comparison of the evolution of the size of
the largest cluster m,,x (normalized to the initial droplet size n) for
Ar, Ny, and H,O droplet-wall collisions. The scaled impact energies
amount to E/E ., = 3.00, 1.00, and 0.30 from top to bottom. Time
t is scaled to the characteristic time t [Eq. (1)] the droplet needs to
fly through a distance equal to the droplet radius. The vertical line
at normalized time ¢/t = 4.3 separates the fragmentation stage from
the evaporation stage.
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maximum cluster size drops dramatically at the end of this void
formation stage, while the temperature reaches equilibrium.
(iv) After 60 ps, the dynamic droplet fragmentation process
is over; cluster decomposition now continues mainly by
monomer evaporation. In this evaporation stage, the size of
the largest cluster does not change appreciably in our time
scale.

In the evaporation stage, the temperature of the largest
droplet assumes values around 60—65 K; this is close to the
melting point of Nj. Such low temperatures are commonly
reached by evaporational cooling of small droplets, as has been
shown, in particular, in studies of H,O droplet evaporation
[24-26]. Note that the rotational and translational temperatures
are quite well equilibrated during the evaporation stage. During
the fragmentation stage, however, rotation appears to be a few
degrees hotter; this is due to the fact that droplet expansion
and fragmentation primarily cool the translational degree of
freedom.

We compare the dynamics of different droplets by normal-
izing time to the period of time needed to cover the droplet
radius R with a velocity «/2E/m:

R

T=—"F—,

V2E[m

where m is the molecular mass. For the case of E = E.y,

it is T = 14.44, 13.87, and 4.22 ps for Ar, N, and H,O,
respectively.

Figure 3 demonstrates that after appropriate rescaling of
time, the fragmentation dynamics of quite disparate materials
becomes approximately similar, even though small differences
remain. In particular, the fragmentation dynamics, shown for
the scaled impact energies of E/E.,, = 1.0 and 3.0 in Fig. 3,
satisfactorily coincide. This is possible even though the cluster
constituents possess different numbers of internal degrees of
freedom: the Ar atom possesses only translational degrees
of freedom, while N, has two and H,O has three rotational
degrees of freedom. However, for bond breaking the total
kinetic energy per molecule can be used, i.e., both rotational
and translational energy can contribute; in this respect, atomic
clusters and nonvibrating molecular clusters are expected to
have similar fragmentation patterns, as evidenced in Fig. 3.
Note that clusters composed of flexible molecules, in which
vibrations can be excited, behave differently, as shown in
Ref. [10]. However, for the excitation energies relevant for
our study, vibrations cannot be excited in N, and H,O. We
hence learn from Fig. 3 that the droplet fragmentation process
is governed by the ratio of the total available energy E per
molecule and the cohesive energy E.o, needed to be overcome
for bond breaking and hence for fragmentation. Figure 3 also
shows a case of low-energy impact E/E., = 0.3; here the
droplet does not fragment, but is only heated up and loses
molecules by evaporation. In this case, the dynamics is not
universal, but is governed by the evaporation rate determined
by the temperature, to which the droplet has been heated by
the collision, and by the heat of evaporation. We therefore do
not expect this dynamics to be dictated by the single material
parameter Eqp.

To describe the fragmentation process in a quantitative way,
we introduce four measures: the number of fragments Ny, the
average fragment size (m), the size of the largest fragment

(D
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FIG. 4. (Color online) Dependence of fragmentation parameters
(including error bars) on scaled energy E/Eo-

Mmax, and the number of free monomers created Niyono-
Figure 4 shows the evolution of these quantities (measured at
the end of the simulation time) with impact energy and Table I
gathers the above-introduced fragmentation characteristics. It
is observed that after scaling to the cohesive energy, the three
materials studied behave in a remarkably similar way.

(i) The onset of the fragmentation regime is seen in the
increase in the number of fragments and in the number of free
monomers, in particular. Taking as an (arbitrary) threshold the
energy when Ny./n > 10%, fragmentation sets in at impact
energies E/Eon around 0.35-0.4 (Table I). At smaller impact
energies, the tensile pressures produced in the lateral jetting
phase are not strong enough to tear the droplet.

(i1) The onset of the fragmentation regime is accompanied
by a sharp falloff of the average fragment size (m), which
occurs at almost the same energies for the three different ma-
terials, £/ Econ = 0.29-0.40 (Table I). These strong changes in
the fragment distributions are reminiscent of a phase transition
and have been characterized as such [7,27-31].

(iii) A regime of fully developed fragmentation might be
tentatively characterized by requiring that no large fragment of
the initial droplet survives; we have set mp,,/n < 10% as the
limit. Fully developed fragmentation then starts at E/Eop =
0.63-0.72.

(iv) The fragmentation patterns of Ar deviate somewhat
from those of the other two materials studied, in particular for
high impact energies, where fragmentation produces fewer
monomers Npono and consequently fewer fragments Ng.
This is an indication that besides the major influence of
the cohesive energy, other material parameters also influence
(albeit in a minor way) details of the fragmentation process.
A comparison between Ar and the equivalent (with respect to
the thermophysical properties) N, can explain the difference:
While Ar has an evaporation enthalpy of 67 meV, N, has
only 30 meV, thus explaining the more efficient evaporation
from N».

(v) While the complete disintegration of the droplet requires
considerably higher impact energies, we observe that already
more than 50% of the droplet has been fully disintegrated into
its molecular constituents at £/ E,, = 1.7-3.8.

In Fig. 5 we display the distributions of fragment size f(m)
for three impact energies E/E o, = 0.4, 1.0, and 3.0 for the
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FIG. 5. (Color online) Distribution of fragment sizes for three
normalized impact energies E/E.,,. The dashed line is a fit to the
power-law distribution Eq. (2). The values of the exponent « are
indicated.

three materials studied. In order to quantify these dependences,
we fit their low-m behavior to a power-law distribution

f(m) ccm™. 2)

We note that the monomers were not used in this fit since their
contribution is determined by evaporation rather than by the
fragmentation process. It is observed that the general features
of the cluster distributions agree for the three materials. At
the smallest impact energy E/E ., = 0.4, the distribution is
steepest, while the slowest decay is observed for E/E o, =
1.0. For larger impact energies, the distribution steepens again.
The reason for this dependence is intuitively clear: At small
impact energies, droplet energization will lead mainly to
smaller clusters plus a few large fragments, while at large
impact energies, the energization is sufficient not only to tear
the droplet into many pieces but also to destroy any larger
fragments; in both cases, predominantly small clusters and
a steep fragment distribution result. Hence, at intermediate
energies, the maximum cluster abundance can be expected.
We note that these features are in agreement with a recent
study comparing the fragmentation distributions for H,O and
SO, clusters [32].

Theories of fragmentation usually predict exponential
distributions f(m) o« m~“ exp(—bm®). Such theories originate
either by assuming fragmentation to occur in local thermody-
namic equilibrium such that b depends on the local temperature
achieved during fragmentation [33-35] or by interpreting
fragmentation via percolation theory such that b depends
on the percolation probability at the time of fragmentation
[36]. Both these theories predict a pure power-law decay
at their respective critical points, where cluster production
at all sizes is most abundant: the thermodynamic model at
the critical point of the liquid-gas phase transition where b
vanishes and the power exponent a obeys 2 < o < 2.5 mildly
dependent on the materials properties and the percolation
model at the critical point of percolation o = 2.18 [37]. We
observe that the minimum exponent observed by us, « = 2.38
at £ = E o, is in fair agreement with those of the two
models just described at their respective critical points. We
note that in a previous investigation of cluster formation
during fragmentation of a solid under intense short-pulse laser
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irradiation, it was observed that cluster formation is most
abundant when E = E.,, [38] and can be described by a
power-law distribution in the small-fragment regime [39]. In
summary, our simulation results corroborate the finding of
Ref. [32] that exponential distributions may be too steep to
describe fragment size distributions in droplet-wall collisions.

IV. CONCLUSION

The essential message of Fig. 4 and Table I is that a single
material property, the cohesive energy E.q,, describes the
fragmentation patterns for different classes of materials rather
well: atomic and molecular substances and van der Waals—
bonded and polar-bonded materials. While it is plausible
that the intermolecular bonding, which is quantified by the
cohesive energy, is an important characteristics to describe
fragmentation, it might be argued that the internal degrees of
freedom of the molecular constituents also play an important

PHYSICAL REVIEW E 84, 056315 (2011)

role. In particular, the comparison of Ar and N;, with similar
thermophysical properties, shows that internal degrees of
freedom play a minor role.

Furthermore, our simulations show that droplet disinte-
gration does not require an energy of E ., per molecule
to start: It commences already at (0.35-0.4)E.,,. When
the impact energy reaches E.,,, droplet fragmentation is
already fully developed in the sense described above: The
number of isolated monomers has reached 33-42%, and the
largest fragment contains only around 3.4-3.9% of the initial
droplet size. Complete disintegration of the entire droplet will,
however, take around 100 times higher impact energies.
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