communications physics

Article

https://doi.org/10.1038/s42005-024-01745-z

Life and death of a thin liquid film

®| Check for updates

Muhammad Rizwanur Rahman®'
Edward R. Smith?

, Li Shen', James P. Ewen', David M. Heyes', Daniele Dini® ' &

Thin films, bubbles and membranes are central to numerous natural and engineering processes, i.e., in
solar cells, coatings, biosensors, foams, and emulsions. Yet, the characterization and understanding
of their rupture is limited by the scarcity of atomic detail. We present here the complete life-cycle of
freely suspended films using non-equilibrium molecular dynamics simulations of a simple atomic fluid
free of surfactants and surface impurities, thus isolating the fundamental rupture mechanisms. We
identified a short-term ‘memory’ by rewinding in time from a rupture event, extracting deterministic
behaviors from apparent stochasticity. A comprehensive investigation of the key rupture-stages
including both unrestrained and frustrated propagation is made — characterization of the latter leads to
a first-order correction to the classical film-retraction theory. The highly resolved time window reveals
that the different modes of the morphological development, typically characterized as nucleation and
spinodal rupture, continuously evolve seamlessly with time from one into the other.

Isaac Asimov’s Foundation series introduced the concept of psychohistory -
where historical trends enable statistical forecasts of the overall trajectories
of the civilization while not predicting individual or transient events. This
parallels the well known notion from statistical physics of being micro-
scopically stochastic yet macroscopically deterministic—an important dis-
tinction as we work through a complete description of the multi-scale
rupture process of a thin liquid film.

The stability and rupture of thin films hold vast significance in a wide
spectrum of applications", ranging from natural processes like gravity
currents, lava flows, and snow avalanches™ to biological transport processes
in lungs and cell membranes, and in disease transmission and forensic
analyses’”, to more common place engineering applications in miniaturized
micro-electronic, micro-fluidic and biomedical devices®’, complex coatings,
distillations and insulation'®"" - to name a few. Consequentially, the litera-
ture concerning the stability and rupture of thin liquid films is voluminous -
encompassing theoretical >, experimental "', and numerical®*** investi-
gations. The rupture process, in general, is associated with an activation
energy of O(yh*)”, where h and y denotes, respectively, the thickness and
the surface tension of a film. Although this renders this mechanism
improbable for thick films™, the probability of rupture increases as thickness
decreases, and becomes most significant for films thinner than ca. 10 nm.
The spontaneity in the rupture process is mostly triggered by the growth of
fluctuations, and corrugations of the surface due to thermal motion that
weakens the film, leading to rupture. These undulations assume increasing
importance for films with nanoscopic thickness, as highlighted by the
molecular dynamics (MD) investigation of Zhang et al.”’, and reduce the
critical wavelength causing rupture.

In addition to the continuous distortion of the liquid-vapor interface
due to thermal fluctuations™, spatial variations of surface tension” induces
fluid movement, though it tends to be overlooked in the majority of theo-
retical models. The considerations of uniform thickness and a stationary
interface, as in the study of Derjaguin and Prokhorov", result in a rupture
thickness within the range of a few hundred nanometers. In contrast,
Anderson et al.”’ conducted a linear stability analysis of thinning films,
showing that rupture actually occurs when the film thins down to a few tens
of nanometers. Yet, the linear theories cannot follow the film evolution until
rupture since their validity ceases as the disturbances in the film grow
sufficiently. Inclusion of the non-linear terms showed that any local thin-
ning of a free standing film amplifies the influence of the long-range force,
accelerates film rupture’” while simultaneously attenuating the effects of
surface tension™. The importance of relaxing the linear approximations in
the film stability and rupture studies is further realized by the fact that the
non-linear theory yields significantly shorter times of rupture from those
obtained through the linear models, as much as an order of magnitude®.

While the impressive body of research outlines the complexities of
rupture dynamics for free standing non-draining films - which are of sig-
nificance for numerous colloidal systems, from coalescence of emulsions to
fusion of lipid bi-layers, and for biological membranes™*, the literature also
underscores the crucial role, as well as the ambiguities of the contact line
properties in rupture behavior for supported films. A method that reduces
these ambiguities involves eliminating the solid-substrate*™”’. Replacing the
solid with a liquid substrate cures any contact line singularity at the interface,
and exhibits distinct dewetting behavior”. Regardless, it introduces a
nuanced dependency on the properties of the liquid-liquid interface.
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An unbounded film (as in foams and bubbles), in this context, removes
interference from any substrate, whether liquid or solid, and thereby can
serve as a reference point of rupture dynamics. However, the presence of two
free surfaces, the undulations therein, and the complexity which pre-
dominantly resides in the spatio-temporal dynamics of the liquid-vapor
surface contributed to the lack of clarity in our understanding of the origin,
and the unfolding of the rupture process.

For the break up of thin films, local fluctuations in film density and
thermal noise have non-negligible impact™*, and depending on the scale of
the problem they may stabilize or de-stabilize the film*". By manipulating the
ratio of hydrodynamic to capillary stresses in polymer solution films,
Chatzigiannakis and Vermant" demonstrated the increasing dominance of
(stochastic) thickness fluctuations over the (deterministic) hydrodynamic
forces. The impact of these atomic scale local fluctuations, leading to the
ultimate failure of a thin film, constitutes the key focus of this study. We
choose a homogeneous system composed of pure Lennard-Jones particles -
thereby, focusing on the fundamental physical response of the film. These
films, while relevant to the rupture of surfactant-free metallic films"**, liquid
crystals”, emulsions and membranes®, and for films in micro-gravity
environment”, also enhances the general understanding of the importance
of atomic-scale local fluctuations in rupture mechanism.

Notably, despite the morphological similarities with surfactant laden
and supported films, free standing pure films exhibit fundamental differ-
ences. Consequently, the insights obtained, while illuminating, may not be
directly applicable to the former cases due to the necessity of considering
surfactant properties, contact line dynamics, gradient-driven advection, and
diffusion. The intricate coupling among these processes has rendered their
direct measurements elusive. Furthermore, any effort to trace contaminants
invariably modifies their properties, thereby effecting the system’s
dynamics™. In contrast, with direct access to individual molecules and their
immediate properties, our MD investigation of pure films establishes a
reference-point for studies addressing more complex and specific scenarios.

The central topic of the current investigation concerns the complete
life-span of thin (black) films, and their rupture mechanism. By presenting
the fundamental aspects and the behavior of thin films at the smallest of
scales, and mapping the mechanisms responsible for the evolution of films
across space-time coordinates, we provide a simplified, yet fundamental
view of the evolution of thin-film dynamics. This is achieved by tracing back
and explaining the links between inception and fragmentation phases, and
by identifying the similarities emerging at different scales. The subsequent
sections of this manuscript are structured as follows: we begin by identifying
the shared characteristics among various modes of rupture, and unify them.
Following this, we demonstrate a time-sequencing behavior of the film in
the moments leading up to its rupture. The deterministic aspect within the
typically stochastic rupture process—which is quantitatively identified for
the specific case of liquid film in this study—underscores the general
principle that the stochastic-to-deterministic transition is a common thread
across diverse fields of study. Finally, we provide detailed illustrations of the
nucleation/rupture event, and the late stage frustrated propagation leading
to coalescence. The latter highlights the factors responsible for slower pro-
pagation and, hence, delayed coalescence. To avoid any potential ambiguity,
we emphasize that by the term ‘nucleation’ we exclusively refer to the ato-
mistic process of hole formation in the freely suspended films, characterized
by diffused interfaces.

Results and discussions

The rupture process is long preceded by the drainage and subsequent
thinning of the metastable film. Thinning is driven by capillary suction,
which is followed by the development of an instability leading to rupture.
Such an instability is caused by the heterogeneity in film thickness, or due to
the gradients in surface concentration”*’. Figure 1 summarizes the full life-
time of a film: starting from hydrodynamic thinning at micron thickness
(region 1 in Fig. 1) and fluctuations dominated thinning at nanoscale
(region 2), followed by a piercing stage when surface fluctuations grow more
rapidly at some sites (or, locations) compared to others leading to nucleation

(region 3). Depending on the initial film thickness, however, the rupture
process may follow one of the several modes; and although a stochastic
process, a finite window of memory is observed - these we discuss in the next
two sections. Once the film is punctured, a short term exponential growth
regime emerges (region 4, also see Supplementary Fig. 7) when the nucleus
attains a circular shape and eventually enters the linear growth regime
(region 5). This linear growth, referred to as the Taylor-Culick retraction,
has been extensively investigated in the literature, both numerically and by
experiment; and has been studied for freely suspended Lennard-Jones (L])
films in an earlier study by the authors®, also through MD simulations as
here. It was observed” that by appropriately resolving the surface forces,
curvature effects, and the momentum of the accumulated liquid mass, the
Taylor-Culick framework, which was originally proposed™' and
examined™ for soap films and films with surfactants, is highly effective at
describing the retraction of atomic-scale pure unbounded films. Depending
on the modes of rupture and the film thickness, multiple rupture sites may
nucleate and continue to grow. This growth is later affected by the presence
and growth of neighboring nuclei, and a frustrated growth regime emerges
(region 6) leading to delayed coalescence and coarsening.

Modes of rupture

Spinodal rupture vs. nucleation. In a freely suspended film (and also
those on a substrate), spinodal process™*™° refers to its solely thermo-
dynamic and rapidly spontaneous disintegration under the influence of
molecular interactions. For films with surface impurities or defects, the
energy barrier that the film needs to overcome in order to nucleate is
(locally) lowered resulting in nucleation randomly distributed over the
film. In the absence of surface defects and contaminants, as in the present
study, nucleation-like events can still occur as a result of (thermal)
fluctuations. The occurrence of surface instability is primarily connected
to linearly unstable films, and nucleation at defects is often linked to
metastable films; Thiele et al.”, yet showed instability dominated and
nucleation dominated sub-ranges within the linearly unstable range.
Through non-linear Cahn-Hilliard framework Novick-Cohen® reported
a smooth transition in the phase separation dynamics. Present results
give evidence of the co-existence of spinodal-like and the nucleation-like
modes of rupture in freely suspended thin films. Figure 2 shows snapshots
of the film thickness at different times for varying initial thickness, k.
Note, unless otherwise stated, all parameters are reported in Lennard-
Jones units, i.e., length in o where 0 = 0.34 nm. The thinnest film (h, ~ 8.5,
top row) displays transition from ‘vapor-in-liquid’ to bi-continuous to
‘liquid-in-vapor’ state commonly seen in spinodal process™. The irre-
gular shapes and sizes of the nuclei arise not only from early coalescence
but also from the interactions between, and coalescence of, neighboring
nuclei. As the film thickness increases (from top to bottom panels), the
nuclei become more circular, and regularly shaped —a typical char-
acteristic assigned to nucleation™".

The coexistence of both of the modes discussed above was also
observed for evaporating structural protein films®, for liquid metals***>®,
and for polymer films***’. However, these studies were based on liquid
films on solid substrates, and to the best of our knowledge, the rupture of
freely suspended single component films has not been systematically
investigated until now. In the current study, the observations of rupture for
various thicknesses agree qualitatively with the commonly observed pat-
terns found for spinodal and nucleation-like rupture; but most importantly,
these are found to initiate spontaneously without the presence of surface
impurities or external perturbations. It is clear from the present free film
model that the nucleation observed in this study must arise from highly
localized thermal fluctuations, in contrast to any substrate defect as in Thiele
et al.” and elsewhere.

The identification of the predominant mechanism and their potential
overlapping has been a focal point of research for years****". A critical and
intuitive determinant is the modality of the hole size distributions’". In the
present study, we observe that thicker films displays unimodality, typically
assigned to nucleation, whereas, relatively thinner films predominantly
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Fig. 1 | Portrait of the life-span of a thin-film. The left half of the schematic, regions
1-3, shows thinning in stages before hole formation, the y-axis represents film
thickness (not to scale). The far-left (region-1) snapshot shows (experimental)
hydrodynamic thinning in a micron-thickness metastable film which leads to the
formation of nanoscopic black films. Remaining parts of the schematic summarizes
molecular dynamics observations which are inaccessible by experimental investi-
gation: (region-2) fluctuation dominated thinning of black films, (region-3) as
rupture becomes imminent, thinning is accelerated and leads to film pinching (when
a particular site overcomes the nucleation-state) and eventually to nucleation when
h =0. The just-nucleated site now starts expanding. Subsequent growth of the

ruptured site is presented in the right half of the figure (shaded in faint red, regions
4-6) with the y-axis now representing the radius of the rupture site. (region-4)
Initially growth is exponential which soon attains (region-5) linear growth. As more
sites rupture across the film, their presence and mutual growth frustrates the growth
of any individual site as in (region-6) which later follows coalescence and coarsening
- the far right snapshot from MD simulations shows a typical state of the (black) film
at this stage with expanding holes in it. The spinodal rupture is fast-forwarded from 1
to 6, even at the MD scale, (almost) bypassing the intermediate stages.

exhibits bimodal distribution, indicative of the existence of two distinct hole
formation mechanisms***"*>. These observations, detailed in the Supple-
mentary Information (Supplementary Fig. 12 showing size distributions for
films with Ay~ 11 vs. 9.5, and associated discussions), underscore the
nuanced interplay between film thickness and rupture behavior.

Upon the formation of a nucleus within a comparatively thicker
film, it undergoes expansion at the Taylor-Culick speed, creating a rim
(where the liquid accumulates) encircling it”. This rim serves as a
deterrent to the growth and coalescence of approaching neighbor nuclei,
and thereby delays coalescence (which we discuss later in further detail).
When an individual nucleus finds it energetically more favorable to
amalgamate than to continue to grow, coalescence takes place. In con-
trast, the dynamics differ for spinodal rupture where holes appear
‘almost’ simultaneously at multiple sites, creating a uniform distribution
across the film. Consequently, the nuclei face spatial constraints, hin-
dering their expansion. Additionally, spinodal rupture typically takes
place in relatively thinner films with higher nuclei growth rates, facil-
itating easy expulsion of the liquid bridge trapped between neighboring
nuclei resulting in an earlier coalescence stage.

Notably, these observations highlight that the overlapping of, and the
transition between these modes can occur solely based on the thickness of
the film, and on the spread of the surface instability, indicating the critical
role played by the film thickness in determining the dominant mechanism.
This, therefore, expands the remit of the present results potentially to other
substrate-free situations. In addition, it can be inferred that any apparent
dissimilarity in the rupture patterns of two films of different /i, must arise
from the spatio-temporal distribution of the rupture events. If these

differences are removed, one obtains similar evolution across scales - from
growth to fragmentation (see Supplementary Note 1: Nuclei Growth, for
further details). This is also reminiscent of the work of Nguyen et al.*, who
studied the early stages of rupture in nanometer-thick liquid-metal films.
Their MD simulations reveal that spinodal instability and nucleation
mechanisms simultaneously occur within these films. Thus our results
indicate that these macroscopically different processes originate from a
shared molecular basis.

Memory of rupture

The probabilistic nature of film rupture process prohibits any precise pre-
diction of the time and location of a rupture event, especially for a defect free
surface. We observed a short-term window before the rupture event where it
becomes deterministic - even with a perturbation applied to the trajectories.
This allows us to link this observation to the concept of the transition from
microscopic stochasticity to macroscopic determinism. For the rupture of
thin liquid films, this is the state where the first hole will nucleate in a specific
bounded region Q of space, almost surely, regardless of the number of times
the scenario is repeated whereby each individual repetition produces a slight
alternation of the trajectory of film evolution. In Fig. 3, Q is schematically
represented by the circular rupture spot. Moreover there exists a brief time-
window, %, shown in Fig. 3 as the rupture memory region, within which we
can rewind the film state and still achieve rupture in Q2. Together, the region
defined by Q x X forms the spatio-temporal boundary for the stochastic-to-
deterministic transition characteristics of a film approaching its first rup-
ture event.
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Fig. 2 | Spontaneous rupture of films of different
initial thicknesses. From top to bottom,
hy=8.5,10,11.3 and 13.5 in L] units. Color maps
represent the local thickness, bar at the lower right
shows length scale in Lennard-Jones units. The
presence of surface modulations are seen in the
unruptured states of the films.
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To explore this temporal duration of the impending rupture events, we
systematically preserved the system’s state at regular intervals and subse-
quently resumed the simulation from those instances onward, see Materials
and Methods. Repetition of these computer experiments, with different
phase-space trajectories, highlights the inherent weak extent of ‘memory’ in
the film-rupture process. This means that, under identical initial conditions,
the time and location of rupture exhibit variability in independent simu-
lations, except for an exceptionally narrow time interval during which the
film displays deterministic behavior. Figure 3 elucidates this dynamics. The
top plot illustrates density fluctuations over time, with filled red symbols
representing the local density at the center of a rupture site that nucleates at
t~580. The cyan curves portray local density at all other film positions,
showcasing temporal fluctuations through the curve bandwidth.
Throughout this extensive time span, despite the density of the rupture site
closely following the lower boundary of the density spectrum, no abnormal
deviations relative to other density profiles occur. Hence, assigning a critical
lower density threshold would be inaccurate. This is supported by the
observation of the density profiles at certain regions that do indeed
experience significant density reduction (see the cyan density profile that
approaches p < 0.2 at ¢ ~ 520), they do not culminate in rupture/nucleation
events.

The time instances denoted by the orange or blue circles on the
density plot (and, also on the time-axis encircling the black circles) mark
the moments when independent simulations were re-started. These
instances are reproduced, alongside the time axis, in the lower panel,
where the y — z coordinates of the film are depicted, pinpointing rupture
sites represented by filled circles. Connection lines link each restart time
to its corresponding rupture location. The larger black circle designates
the rupture site of the original trajectory (¢, ~ 580, as displayed in the top
panel’s). Notably, in a simulation recommenced from an earlier state, i.e.,
to ~ 520, the film still nucleated at the same spot. This consistent location
remained unaltered until ¢, > 481. The case (re)started from £, ~ 481 is
particularly important as one can identify a rise in the local density which
implies that a relatively thicker area on the film can be more prone to
rupture than a thinner area. To corroborate this observation, multiple
independent simulations were conducted around #, ~ 481. Even when

introducing minor perturbations to the initial trajectory, the film con-
sistently underwent rupture at the identical site. Restarting the simula-
tion from a state earlier than ~ 480 introduced a distinct behavior, where
the film undergoes rupture at random and diverse locations and times.
These stochastic rupture sites are depicted as faint red circles in the figure,
linked by blue lines to corresponding restart times. Among these latter
cases, when restarting from the state at #, ~ 449, one of the cases coin-
cidentally nucleated at the same location as the original simulation,
which we regard as an incidental occurrence. A similar rewind is con-
ducted for another case for which f,, ~ 450, see Supplementary Fig. 4, the
film is observed to nucleate at a different location and at a different time,
but exhibits similar characteristics with a different spatio-temporal
boundary - suggesting reduced, if not complete absence of, stochasticity*
within the memory-window. In particular, this window is an indication
of the intrinsic non-linearity associated with rupture.

In contrast to fluctuating hydrodynamics which introduces a random
forcing term to model the probabilistic nature of nano-scale fluctuations,
MD simulations have apparent stochasticity due to the complexity of
interpreting evolution of the full 6N dimensional phase space. Yet, our study
reveals a striking observation: holes consistently form at the same locations
across simulations, provided we restart within the rupture memory window.
This spatial consistency in hole formation, despite different phase-space
trajectories and apparent stochasticity, complements and extends the insights
from prior studies®”. As illustrated above, local density alone cannot define
the likelihood of rupture. The local energetic profiles at the rupture site can
be approximated as"”U = [ [(|Vh|* — 4:h4 (h — hy)*) dx dy, where y
and A are, respectively, the surface tension of film liquid, and the Hamaker
constant, / is the film thickness, A is initial thickness. The local energetics
with fluctuating hydrodynamics have been successful in predicting the onset
of thermal rupture, the readers are referred to recent works of Sprittles et
al.”*, and the references therein. Although the deterministic rupture in the
memory window did not seem to be trivially predictable by these local
energies (see Supplementary Fig. 3 and associated discussions), the existence
of a saddle point and a surrounding basin of attraction in the energy land-
scape might be valid starting point to understand rupture memory, perhaps
requiring a non-linear stochastic model.
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Fig. 3 | Memory of rupture. Temporal variation of
the thickness-averaged local density. The circles
corresponds to density of a location where nuclea-
tion occurs at ¢ ~ 580, whereas, the cyan curves
shows local density at other locations on the film
which do not nucleate within the time plotted here.
Several independent simulation were restarted at
time t = 418, 449, 481, 504, 520, 571 - these time
instances are marked by the circles on the time axis,
and the corresponding density of the ruptured site at
those time instants are marked by blue and orange (n),

simulation
restart time

circles. On the colormap which shows a snapshot of e hitrajectories
the film, the position of nucleation for every case is
depicted either by a black circle if the location of s 100 LJ

nucleation remains the same as of the original case,
or by a red circle if the film nucleates at a different
location. Similarly, red lines connect nuclei when
films nucleate at the same spot as the mother film,
and blue lines connect otherwise. (1) shows number
of independent simulations (also represented by
thickness of the connecting lines), omitted if n = 1.
Bar shows length scale in Lennard-Jones units.

nucleation
spot

@ single

trajectory
point of
no return

A plausible interpretation of the probabilistic to the deterministic
transition can be framed in terms of Stillinger’s inherent structure theory of
dynamical evolution in liquids, which has been widely applied to many
aspects of liquid dynamical phenomena at the molecular level”~*. In this
theory it is proposed there is a so-called ‘basin of attraction’ formed from all
those equilibrium molecular configurations - which when quenched,
instantaneously collapse into the same underlying or ‘inherent’ structure,
some of which we have seen are precursors to nucleus formation. This is
evidence of the non-classical form of rupture which suggests more complex
pathways of hole formation that involves intermediate stages”. The tra-
jectories (re)started from different points in time, despite their microscopic
randomness, are perhaps still attached to the same inherent structure and
results in the same outcome. If one goes too far back in time, slight differ-
ences in the trajectory associated with the restart may cause the system to
evolve in a way where it becomes associated with or ‘captured’ by another
inherent structure which may not lead to a nucleus (unlike the situation
before the rewind). In the present context, certain inherent structures can be
viewed as acting as ‘gateways’ to hole formation. The residence time for these
inherent structures is at least ~ 100 Lennard-Jones time units™, aligning
with the observed duration of the memory window in this study, which
underscores the necessity of a full atomic model to capture the memory
effect.

Formation, frustration and coalescence

The time of nucleation (or, rupture) inherently possesses a probabilistic
nature’”, and is subject to fluctuations determined by thermodynamics and
other influencing factors. Based on the underlying assumptions, the theo-
retical prediction of rupture time for free films with thickness h, in the
absence of surfactants or any surface impurities, scales as"*"’t ~ I, we dis-
cuss these literature in greater details in Supplementary Note 3: Formation
of a Nucleus, and compare with the results from current investigation over a
range of film thickness. Regardless of the time of rupture (and hence the
initial thickness of the film), spontaneous rupture process is preceded by
localized thinning, and all rupture sites inevitably undergo the fluctuations
dominated thinning phase - which is noticeably accelerated as the film

approaches the rupture event (schematically shown in region 3 of Fig. 1,
quantitative details in Supplementary Note 3). Once a film nucleates in our
simulations, the highly resolved space-time allow to trace back to the
immediate proximity of the rupture event to capture the formation phase of
the hole (i.e., nucleus). The radial averaged local density profile of the center
of a nucleus is reconstructed in Fig. 4a where the initiation of local thinning
is evident ahead of the rupture, ie., at t,,_,5, where § = 25. Upon the film’s
substantial perforation and the subsequent formation of a rim encircling the
nucleus, expansion ensues through exponential, and linear growth rates.

The growth of an isolated nucleus is well understood through the
seminal works of Taylor and Culick’” and subsequent detailed
studies””*"*'. However, a more commonplace observation is that of a film
with multiple rupture sites requiring the considerations of their collective
interactions and growth®>”. The absence of neighbors, or equivalently the
consideration of infinite liquid films*"** does not account for any interaction
between propagating rupture sites, and is only realized when the edge effect
is accounted for®’. If one considers two neighboring nuclei on a film, these
may exhibit three distinct types of behavior in stages: (i) individual unin-
terrupted growth until when the nuclei come to close proximity of each
other, (ii) disturbed growth due to the presence of the neighbor leading to
(iii) delayed coalescence. The first stage is predominantly governed by
surface tension dynamics. At the second stage, surface tension favors the
growth of the nuclei, but coarsening of the bridge between the neighbors
retards growth. The third stage requires drainage of the liquid bridge, fol-
lowed by subsequent thinning and rupture.

The thickness of this liquid bridge between two neighboring nuclei is
notably greater if the nuclei have undergone sufficient growth over time
before coming close to each other. This arises because the liquid particles
from the nuclei accumulate in the surrounding rim, forming a barrier that
impedes merging. (Refer to the Supplementary Note 4: Neighbor Effect on
the Rupture Propagation, for a scenario where a larger nucleus opts to
displace a relatively smaller nucleus rather than coalescing with it.) How-
ever, there are situations where nuclei have expanded extensively and
multiplied to the extent that they encounter space limitations, compelling
coalescence as the sole energetically favorable course of action to continue to
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Fig. 4 | Formation and coalescence of rupture sites. a Formation of a nucleus: radial
averaged density profile around a rupture site at times closer to its nucleation is

revolved around the center to reconstruct the rupture process, hy ~ 11.2, r = 0 is the
center of the nucleus, and 8t = 25 units of MD time. Coalescence of nuclei: (b) MD
simulations; (c) Finite Element Analysis using the phenomenological Cahn-Hilliard

© film thickness

time

theory, color maps denote local thickness, bar shows length scale in Lennard-Jones
units. Both panels are reminiscent of the experimental study of Dolganov et al.”
using free-standing smectic films.

evolve. This phenomenon is illustrated in Fig. 4, where the panel (b)
showcases results from MD simulations depicting the temporal evolution of
three artificially generated nuclei, capturing their initial growth, coalescence,
and subsequent expansion beyond coalescence.

Following the onset of the rupture of the film, the system essentially
enters a state that can be considered over damped, and one may use the
thickness data with the nuclei already formed (from MD) as an initial
condition for Cahn-Hilliard (C-H) theory. Correspondingly, Fig. 4c depicts
analogous outcomes derived from finite element analysis utilizing C-H
theory (see Methods, and Supplementary Note 6: Cahn-Hilliard Theory).
Notably, coalescence commences only when the nuclei encounter con-
straints impeding further expansion. This qualitative analogy between the
outcomes of the two different methods, ie., MD vs. C-H simulations,
indicates the scale invariance of coarsening despite their potentially different
underlying physics.

Figure 5a shows the time-evolution of the radii of three synthetic
nuclei (by ‘synthetic we mean non-spontaneous nucleus which was
induced by applying an exponential force—mimicking the poking of a
film in experimental studies’"® —in an otherwise stable film, see:
methodology) before and beyond coalescence (few representative snap-
shots are shown in panel e). Initially the nuclei are distant from each
other and a very short term exponential growth (see Supplementary
Fig. 7) is followed by the Taylor-Culick linear regime**'. However, and
as depicted by the red line, the growth of the central nucleus (n,) is
affected by the presence of the two expanding side-nuclei (#;, n3) until it
coalesces with one of them. Beyond coalescence, the combined nucleus
(n, and n,) maintains linear growth. It is observed from the slopes of the
blue (single nucleus, n3) and the black (coalesced 1y, n,, i.e., 1.1 ,) lines,
that the growth rate of the single nucleus, #n; and that of the coalesced
nucleus, n.; , are equal. However, after the final coalescence at around
t/T ~ 4, a slightly steeper slope (of the black line, 1,1 5 3) is observed, this is
because the growth is no longer restrained by any surrounding nucleus
and there is sufficient space for expansion (the film is larger in lateral
dimension than in panel e which shows only the area surrounding the
nuclei). Notably, the dashed line denotes the equivalent radial growth of
the three nuclei (R,q = /A/m, with A = S22 A;) which as well, cap-
tures the growth rate of the coalesced nuclei, and thus proves to be a
representative measure. More importantly, and in agreement with pre-
vious conclusions®*, this implies that the growth of a coalesced nucleus
can be extrapolated to the initial nucleation time, provided that growth is
hindrance free. Jacobs et al.** carried out a similar extrapolation in time
for an estimation of the rupture time, but without considering any

temporal behavior of the nucleus distribution in spinodal process, and
any dynamical instability thereof. Herminghaus et al.”’ also proposed the
use of nucleus diameter as a ‘clock’ for the rupture. However, we will
shortly see that such a straightforward extrapolation in time is valid only
for a few special cases, and generally imprecise, if not prohibitive.
Figure 5b provides insight into the growth dynamics of the equivalent
nucleus radius, Req/hg (depicted as red circles corresponding to the left y-
axis), and the number of nuclei (illustrated as blue circles corresponding to
the right y-axis) for a relatively thinner film (% ~ 10) that ruptures spon-
taneously; panel (f) presents representative snapshots of this process. In
panel (b), the reference point #/7; = 0 denotes the time of the first nucleation
event. The number of nuclei (blue circles) initially rises during the nuclea-
tion phase and subsequently declines from t/7; ~ 5.8, indicating the transi-
tion to the coalescence regime. The red circles trace the time evolution of the
equivalent nucleus radius, revealing a linear growth during the nucleation
regime, followed by a phase of quasi-stagnation where R,y experiences
marginal increments. This contrasts with the observations in panel (a)
where the growth rate increased after coalescence. The underlying reason for
this divergence in growth patterns lies in the available space for expansion.
For the case in panel (a), the coalesced nuclei have sufficient room to expand,
as exemplified by the snapshot at #/7; = 5 in panel (e). However, for the case
in (b), the coalescence of multiple nuclei restricts their individual expansion
due to spatial constraints, reminiscent of the middle nucleus in the former
case. These insights unveil two pivotal aspects of rupture: (i) the growth rate
of a nucleus is contingent upon its size and position relative to other nuclei
on the film, and (ii) if two nuclei coalesce, the post-coalescence growth rate
of the amalgamated nucleus mirrors that of individual nuclei, provided
hindrance-free expansion persists. This is feasible only when two closely
situated nuclei merge during an early stage of the film rupture process,
namely before the onset of the coalescence regime. Our observations
underscore that a straightforward temporal extrapolation, as discussed
earlier, encounters limitations without comprehensive details regarding
rupture dynamics and the spatio-temporal arrangement of the nuclei.
Figure 5¢ demonstrates how the number of neighbors impact the
growth of a central (synthetic) nucleus surrounded by # neighbors. The
initial radii of all the nuclei, R(t = 0), and the initial center-to-center distance
between the central and any of the neighbor nuclei were kept constant for all
cases considered (the initial conditions are shown in panel g, color of the
nuclei in panel g correspond to the symbol color in panel c). As » increases,
the growth starts deflecting from the linear behavior. One can observe that at
n = 6 (green circles), the growth curve reaches nearly a plateau - meaning the
neighbors surround the central nucleus from all sides inducing sufficient
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Fig. 5 | Expansion and frustration of rupture sites. a, e Growth of three synthetic
nuclei (11, 1,, n3) on a film of thickness, h ~ 17.3. Snapshots at different instants are
shown in (e). After a brief period of initial transients”, each nucleus undergoes a
phase of linear growth. While all nuclei initially expand at the same rate, the central
nucleus experiences hindered growth due to interactions with the adjacent side
nuclei, resulting in deceleration (red line). In contrast, the two side nuclei continue
their growth at a consistent pace (black: n,, blue: n3). At t/7; ~ 3, n, coalesces with n;,
continuing its growth as n, ,, while n; maintains separate growth rate until its
coalescence at t/7 ~ 4. The newly merged nucleus (n,,; » 3) then resumes unrestrained

growth. The dashed line represents the growth trajectory of an equivalent nucleus
from the initiation of the linear regime. b, f Growth of the equivalent nucleus (blue
circles, left y-axis) in a film of thickness h, ~ 10, where multiple holes spontaneously
nucleate - as shown in (f). Red circles in (b) represent the number of nuclei, N (right
y-axis). (¢, g) Effect of the number of neighbors (n) on the growth of an expanding
central nucleus surrounded by n neighbor nuclei as shown in (g), solid lines in (c)
denote fitting to the data. d Schematic representation of neighbor-effect on the
growth of a nucleus. Every case was independently run for at least three times with
standard deviation less than 3%.

Fig. 6 | Rupture patterns. a Patterns observed in
current investigations through varied synthetic
perturbation. The left images depict the initial con-
ditions, while the right images capture snapshots
during the later stages of rupture. b The patterns
observed in panel a, are compared to the those
observed in the scanning force microscopy (SFM)
image (adapted from panel c of Fig. 1 in Thiele et al., *
1998, with permission from the authors and the

publishers) of a collagen film on a solid substrate.

Bars denote the scales in relevant units. Similar .
looking patterns in MD and experiments are marked R

by identical numbers.

(a) MD Simulation

v

w100 LJ
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wall effect to suffocate further growth. If # is increased beyond 6, the initial
growth is shortened and the growth of the central nucleus soon ceases. The
solid lines in panel (b) corresponds to fitting of the MD data to an equation
of the form, R/hy, = a tanh(bt/;), where a and b are fitting coefficients. An
expansion of the fitting equation suggests that the frustrated growth can
indeed be captured through higher order corrections to the Taylor-Culick
law of retraction, ie, R/hy = c;(Ryc/hy) — O(x"), here, Ryc is the
unrestrained radius of the nucleus at time £, and ¢, is the coefficient of the
expansion whose magnitudes is governed by the frustration of growth, and
O(x") denotes higher order terms in the expansion. The different stages of
nucleus growth including the above mentioned frustrated regime is sche-
matically presented in panel (d). The early-time exponential growth is

followed by the Taylor-Culick linear growth, (U = fUrc), with = 1. Upon
sufficient expansion, when a nucleus comes into close proximity of its
neighbors, the growth is slowed (f < 1). The extent to which the growth is
frustrated depends on the number of neighbors. As n — n, . (see Sup-
plementary Note 4: Neighbor Effect on the Rupture Propagation for further
details), the frustration is maximized and growth is ceased.

As time unfolds, the resulting grown-up patterns show striking simi-
larity with patterns observed in earlier experimental studies. Figure 6
compares some of the patterns observed in the present investigation with the
experimental findings by Thiele et al.*". The left column on panel (a) pre-
sents the initial stages of synthetic nuclei, which are allowed to evolve over
time, the corresponding later stages are displayed on the right column of the
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panel. Panel (b) shows similar looking patterns found through scanning
force microscopy of collagen film rupturing on a solid substrate, revealing a
diverse array of rupture sites with varying shapes and sizes. This coherence
between our simulations and experimental observations underscores the
effectiveness of MD simulations in capturing the spatio-temporal dynamics
of liquid film rupture.

To summarize, the present investigation portrays the complete life
cycle of a black film, delving into its inception, evolution, and ultimate
fragmentation with insights into these phases. Our findings contrast the
conventional understanding of rupture in pure films, revealing that the
unfolding of film morphologies—commonly characterized as spinodal and
nucleation dominated rupture — are broadly analogous except for their
respective timescales. The highly resolved time in our investigation also
discloses a ‘film-pinching’ phase preceding the exponential growth of rup-
ture. A brief but discernible window of determinism, which emerges amidst
the stochastic nature of rupture dynamics, indicates the liquid’s inherent
structure as the gateway to predicting rupture. Following the evolution of the
rupture sites through exponential and linear growths, the late stage is
marked by considerable frustration in growth, resulting in delayed coales-
cence and coarsening. In essence, our study sheds light on the intricacies of
rupture dynamics, providing valuable insights into the underlying
mechanisms governing this phenomenon. These not only expand our
fundamental understanding of thin film behavior, but also open doors to
potential applications in various scientific and technological domains.

Methods

Molecular dynamics simulations

The model films studied here are composed of single component Lennard-
Jones (LJ) particles, i.e.,

12 6
o]
ij ij

here, Uj; is the potential between particle i and j located at a distance r;;, and
free from electrostatic interactions. The dispersion energy is described by €;;,
and oj; is the characteristic length scale. Periodic boundary conditions are
applied in all three Cartesian directions. Simulations were carried out
employing the extensively validated and verified Flowmol MD code®.

The initial simulation domain was represented by a cubic box with
dimensions L, =76.19 and L, = L,=609.56 in L] units, translating to film
dimensions approximately 207 nm wide and with a depth (k) of less than
5 nm. In order to reduce the computational cost in simulating the relatively
large systems, a cut-off radius, 7. = 2.5 is used which has been proved to be
sufficient in previous film rupture studies*****’. Throughout this paper, all
measurements and quantities are expressed in L] units. The central 20% of
the simulation box along the x axis was assigned as the liquid phase, with a
targeted density of p = 0.7, while the remaining region was designated as the
vapor phase with a lower density of p = 0.01. A cohesive central liquid film,
consisting of around ~ 0.4-1.8 million identical atoms, coexists harmo-
niously with the surrounding vapor phase at an equilibrium state. The
system was allowed to equilibrate (at T'= 0.78 + 0.03) to a stable liquid-vapor
coexistence state. This equilibration was conducted in the canonical
ensemble (NVT), utilizing a Nose-Hoover thermostat, over a span of 50,000
time steps with a timestep size of At = 0.005.

The equilibrium state served as the starting point for subsequent
production runs in the microcanonical (NVE) ensemble. This phase pro-
ceeds without the intervention of any thermostat or other external control
mechanisms, thereby enabling the natural evolution of the system, and the
emergence of nanoscale fluctuations intrinsic”***** to the phenomena of
interest. In addition to a system’s ability to evolve freely from external
thermostat interference in the micro-canonical ensemble®, this choice is
further motivated by several factors. One of the most efficient thermostats,
i.e, the Nose-Hoover thermostat, has been shown to alter mean square
displacement and potentially disrupt time-dependent correlations in

fluids™. In light of the uncertainties surrounding the impact of thermostats
on transport properties’’, the choice of the NVE ensemble ensures that
energy transformations occur naturally, thereby providing a more accurate
depiction of the system’s dynamics without artificial adjustments’”. To
explore films with different thicknesses, the dimension in the x direction was
systematically varied.

Restart simulations. System states, I'(f), were saved at regular intervals,
creating restart points which we denote as time #,. For restarting a
simulation the restart state I'(f,) served as the initial condition. This
ensured that multiple independent simulations restarted at f, from an
identical initial state with a different trajectory due to the divergence of
trajectories in phase space. In this rewind exercise, we restarted the
simulations applying a small random nudge to all the particle velocities.
To perturb the particle velocities, v; for all particles, i were nudged as
vi(t,) =vdto) + Av; to create any of n nudged trajectories, where
Av; = C(;, with C=10"%, and {; is a random number. It was ensured that
the cumulative sum of these perturbations remained zero, ie.,
Zfi 1(Av;) = 0, precluding the introduction of any net momentum into
the system.

Synthetic nucleation. To initiate synthetic nucleation, we applied an
external force, as in Eq. (1), to mimic the popular experimental film-
puncturing procedure®"**,

P F(14e/m)
“t o otherwise,

r<R,

¢y

where, Ry is the initial radius of the hole. The forcing time was only a few
hundred time-steps to confirm that a stable hole is created, and R, was kept
sufficiently small of the order of the film thickness. Prior investigations*
have demonstrated that this artificial nucleation process does not impact the
growth dynamics of the nuclei. Readers are referred to ref. 49 for further
details of the simulation.

Finite element analysis employing Cahn-Hilliard Theory

The finite element analysis for the Cahn-Hilliard theory uses a mixed for-
mulation which recast the fourth-order equation into two coupled second-
order equations. This bypasses the C'-continuous requirement of the
Galerkin method and has shown™” to give comparable accuracy to the C'-
continuous methods whilst being less computationally expensive. To realize
the finite element formulation, the solution of a system state is given via a
interpolation function A(x) = Zfil A;N,(x), where N; is the finite-element
basis, and A; is the coefficient for each bilinear elements with the indices
i=1,...,N. A standard rectangular mesh is used whereby the initial con-
ditions are imported from a state of the MD simulations. The FEM package
FENiCs” is used for the calculation and the time discretisation uses the
Crank-Nicolson method. The Newton-Krylov solvers based on PETSc’s
SNES module is used with the discretisations in space and time solved using
the general minimal residual method (GMRES). Each iteration is solved to a
relative tolerance of 10°°.

Data availability

Configuration files for molecular dynamics simulations are publicly avail-
able at: https://doi.org/10.5281/zenodo.12633918. Any additional data is
available upon reasonable request to the corresponding author.

Code availability

Codes to reproduce the data reported in this manuscript can be found at the
github public repository: https://github.com/MuhammadRRahman/Thin-
Film-Rupture-NEMD.git.
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