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Seclusion of molecular layers in a confined simple liquid
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We provide theoretical evidence by using molecular dynamics that a nanoconfined film of octamethylcy-
clotetrasiloxane divides into manifolds of secluded thermodynamic substates. We find equivalence between the
splitting into substates and the formation of molecular layers. The seclusion of layers is validated in drainage
experiments using an extended surface forces apparatus (eSFA). Furthermore, per-molecule evaluations of the
configurational entropy provide evidence for an increased molecular packing upon confinement. The increasing

trends in both layer seclusion and molecular packing with confinement explain the exponentially increasing

surface forces measured in eSFA.
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I. INTRODUCTION

The behavior of confined liquids is central in many fields
including nanotribology, microcontacts, porous materials, and
nanofluidics. Despite its significance, the existing research
is highly controversial on its physical fundamentals and in
particular on the interplay between dynamics, thermodynam-
ics, and molecular configurations. Nanoconfined liquids often
have a tendency to organize into layered structures as the
film thickness is decreased to a few molecular diameters.
For a diversity of liquids, such as globular molecules (e.g.,
octamethylcyclotetrasiloxane, OMCTS) as well as straight-
chain alkanes, the layering is portrayed by the oscillatory
solvation forces between the confining surfaces [1-8]. It
is generally accepted that a nonpolar liquid becomes more
solid-like when nanoconfined. This phase transition was ini-
tially interpreted as a first-order solidification based on the
observation of an abrupt many-order-of-magnitude increase
of the effective viscosity of the liquid film upon expulsion
of single molecular layers [9]. However, others showed that
the changes in the viscosity are continuous and the liquid
displays a viscoelastic behavior as if the fluid is approaching a
glass transition [10,11]. While these conflicting concepts have
fueled a lot of dispute in the field (for some examples, see
Refs. [12,13] and the references within), it was also suggested
that they are fundamentally coherent and their differences are
mainly due to experimental resolution and interpretation [14].
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Most of the available knowledge in this field stems from
surface forces experiments using surface forces apparatus
(SFA) and surface forces balance techniques [15-17]. How-
ever, a major drawback of these methods is their inability to
resolve the molecular structure directly. Thus, the correlation
of a confinement-induced phase transition with the molecular
structure of the film as well as its thermodynamic state is still
unclear. The existence of molecular layers, however, has been
proven experimentally by using x-ray reflectivity [18,19]. A
less direct approach to study the structure of confined films
was developed based on refractive index measurements [8],
and was recently invoked to detect density changes that would
occur with solidification [12]. The evaluations showed no
significant changes in the film density at different confinement
levels in comparison with the bulk density and, thus, were
argued to rule out any molecular packing that should have
been induced by a first-order phase transition. These experi-
mental observations are partially in agreement with molecular
simulations that reported an almost constant average fluid
density over all thicknesses in spite of density oscillations
at layering transitions [20]. Other simulations have shown
that the density oscillates through layering transitions and its
mean value under confinement is higher than the bulk liquid
density [21,22]. The changes in density are directly linked to
the altered molecular packing of the film upon confinement
and affect the amount of force that the film can bear before it
goes through a layering transition. The majority of molecular
simulations implement a series of equilibrium simulations
between parallel surfaces at fixed film thicknesses [13,23,24].
Recent nonequilibrium molecular simulations of the approach
and retraction force cycles have linked force hysteresis to
changes in the molecular packing [25]. It is suggested that
the energy dissipation between approach and retraction cycles
result in less compact films during retraction, thus, lower
the measured force. Such structural changes also influence
the flow characteristics of confined fluids in squeezing as
well as in shearing flows [20,25-29]. Therefore, it is clear
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FIG. 1. (a) Oscillatory surface forces in confined OMCTS mea-
sured by eSFA. Red points are measured during approach and blue
points are measured during retraction succeeding different actuator
inversion points. Points A and B correspond to the thicknesses of
the parallel sections used in MD simulations. (b) The step size
Aprr (filled symbols) and the net compression of the fluid film
Ag. (open symbols) during multiple FTTs. Ay is calculated from
the total contact compression A and is corrected for the optical
mica compression. See part (a) and Fig. S3 in the SM [30] for the
definitions of these terms. The different symbols in (b) correspond
to force measurements from different experiments showing a good
reproducibility.

that a fundamental understanding of molecular structures in
connection with the thermodynamic state of nanoconfined
liquids is required.

To establish the link between layering transitions and the
subsequent changes in equilibrium structure and thermody-
namics, we combine extended SFA (eSFA) experiments in
both quasiequilibrium or nanofluidic situations with molec-
ular dynamics (MD) simulations. Similar to many studies in
this field, we take OMCTS as the prototypical nonpolar liquid
in our study. Details of eSFA experiments as well as MD
simulations are given in the Supplemental Material (SM) [30].

II. RESULTS AND DISCUSSION

When OMCTS is confined to nanometer thickness in
the eSFA, it exhibits confinement-induced oscillatory sur-
face forces as observed during approach/retraction cycles,
Fig. 1(a). Each oscillation represents a layering transition or
a film thickness transition (FTT) from [N] to [N—1] layers
during force-loaded approach. One can typically observe a se-
quence of 5-8 FTTs, which suggests a layered molecular con-
figuration in the nanoconfined OMCTS with a characteristic
spacing conforming to the molecule size [18,19]. Figure 1(b)
displays the experimentally measured size of the FTTs, Aprr,
which are quasiconstant with a mean value Appr = 0.68 &
0.03nm. This constant FTT is remarkable in view of the
exponential increase of external force acting on the film,
indicating the formation of a more densely packed structure.
Furthermore, a careful analysis of the film compression seg-
ments A¢., which are corrected to account for the optical mica
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FIG. 2. (a) Schematics of double-wedge geometry and its di-
mensions used in MD simulations of mica-OMCTS. Note that the
simulated depth of the wedges was constant everywhere and set to
9 nm. (b) Layered configuration of OMCTS molecules at equilibrium
from MD. Each molecule is colored according to its per-molecule
variables of state, once by its entropy and once by its enthalpy.
(c) Lateral averages of entropy and enthalpy across the film (bin
size 0.5 nm). The mean entropy exhibits discernable peaks in the
wedged sections close to the layering transitions where the central
layers merge in part (b) (arrows). The intensity of the entropy peaks is
influenced by the slope of the wedge and the wall-liquid interactions
(see Fig. S5 in the SM [30]). The average entropy is higher in
the thicker portions of the parallel film indicating a less ordered
structure.

compression (for details, see SM [30]), reveals a mean value
A¢. = 0.14 £ 0.08 nm, which is also remarkably constant.
Thus, each expelled layer accounts for an approximate change
in film thickness of Agrt + Ag = 0.82 nm. Consequently, for
the film to be able to bear exponentially increasing forces
during subsequent FTTs either the internal structure of the
layers or the correlations between them must have changed
(or a combination of the former and the latter).

Considering the equivalence between the oscillatory sur-
face potential and combined contributions of entropy and
internal energy [20], as well as density changes [31], MD
simulations are incorporated to reveal layer-specific structures
and thermodynamic characteristics. MD simulations were per-
formed in a wedge geometry schematically shown in Fig. 2(a).
This geometry imposes a layering transition at equilibrium
that simultaneously coexists with its parent well-formed (par-
allel) layered configurations. This is in contrast to previous
simulations considering nonequilibrium transitions induced
by moving surfaces, or equilibrium models with fixed parallel
surfaces [31]. In this way, we can study the structure of
films before, during and after a layering transition without
any contributions of the nonequilibrium energy dissipation
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to fluid structure [21]. Furthermore, we link the molecular
structures directly to per molecule configurational entropy by
using the two-body approximation of the Ornstein-Zernike
equation [32,33]. The summation of intermolecular potentials
serves to calculate the local enthalpy [30,34,35]. Relative to
the bulk liquid state (see Fig. S4 in the SM [30]), our eval-
uations revealed downshifts in both entropy and enthalpy in
the nanoconfined film. Remarkably, the color-coded OMCTS
molecules in Fig. 2(b) reveal that individual layers corre-
spond to distinctive thermodynamic substates. In this paper,
a substate refers to the thermodynamic state of an individual
molecular layer, which is itself a subset of the cumulative
thermodynamic state of the entire liquid manifold in one of
the parallel sections of the simulated geometry. We note that
the layers adjacent to the mica walls exhibit particularly strong
downshifts. A similar yet smoother gradient in the thermo-
dynamic states of confined liquids is also reported for water
confined inside a carbon nanotube [36]. Interestingly, the
liquid shows a local increase in the mean entropy midway into
the wedge segments close to the layering transition, i.e., where
the layers merge [arrows in Fig. 2(c)]. This local increase in
the entropy, i.e., loss of molecular ordering, in the central
layers entails enhanced interlayer diffusion, enabling layer
merging during an FTT [20,31] in agreement with previous
nonequilibrium simulations [25] and drainage experiments
[27]. The merging of central layers, which is responsible
for the compression of the film between layering transitions,
could explain the constant Agrr.

For an in-depth analysis of the layering structures in par-
allel sections, it is instructive to plot per-molecule thermody-
namic variables in a state diagram (Fig. S7 in the SM [30]),
where each OMCTS molecule represents a point with a layer-
specific color code, according to the illustration in Fig. 3(a).
The mean thermodynamic properties of the layers (substates)
are plotted as colored rectangular symbols in Fig. 3(a) by
averaging the enthalpy and entropy of all molecules that be-
long to a specific layer. Individual layers unambiguously de-
fine distinctive substates. These individual substates together
form the [N] manifold of an equilibrium film with N layers.
For convenience, we choose to denote substates as oy; )
where 1 indicates the individual layer(s) in the [N] manifold
counting away from the walls. The entire [N]-manifold of
substates is labeled Xjy;. The OMCTS molecules from the
unconfined bulk liquid simulation (Fig. S4 in the SM [30])
are added as bulk reference state (green) to Fig. 3(a). For
reference, we have also calculated the entropy of the bulk
three-dimensional (3D)-crystal OMCTS [37], and marked it
as horizontal dotted line in the state diagram. Remarkably,
different molecular layers correspond to secluded substates
of the manifolds that fall between the bulk liquid and solid
references. The density profiles of X5 and 24 manifolds are
plotted in Fig. 3(b). The distinct density peaks indicate indi-
vidual molecular layers. Individual layers are secluded since
there is negligible probability of OMCTS molecules residing
between the layers. The effective potential of an OMCTS
molecule as part of the layered structures can be estimated
from the Boltzmann relation (see Fig. S6b in the SM [30]).
The layered structure thus implies energy barriers between
the molecular layers that are much larger than kg7T. This
translates into an activated interlayer diffusion of molecules in
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FIG. 3. (a) Thermodynamic state diagram analysis of molecules
in the two parallel sections of the wedge geometry; (top) illustration
of layer-specific color scheme and indexing convention introduced to
identify individual substates (layers) and their manifolds; (bottom)
condensed form of the state diagram marking the mean substate loci
by filled squares oy, yj (representing each individual layer), as well
as the cumulative loci of the whole films shown by white circles Xy
(representing each parallel section containing multiple layers). The
state diagram displaying every molecule in its layer-specific color
is shown in Fig. S7a in the SM [30]. (b) The strong modulation of
the density profile across the film p, in the ¥4 and X5; film states
indicate secluded molecular layers.

the layered film [20,38,39]. An effective activation barrier for
interlayer diffusion is indeed seen experimentally as a critical
loading force [Fig. 1(a)] required to push molecular layers into
each other and nucleate an FTT. The strong increase of the dif-
fusion energy barriers upon reduction of film thickness readily
explains the exponential increase of FTT peak surface force.
Also, the average entropy of the nanoconfined films decreases
with diminishing thickness, which is a clear indication of
the development of ordered structures with higher molecular
packing. This trend clearly suggests an increasing overall film
density upon confinement. Hence, a direct link is established
between the molecular structures, thermodynamics, seclusion
of layers, and mechanical response seen as oscillatory forces.

An integral thermodynamic description of the X;y; man-
ifolds emerges from averaging entropy and enthalpy of all
molecules in the film. These manifold state variables are
shown in Fig. 3(a) by white circles that contain rectangles
symbolizing constituting substates. The Xp4; and Xs; loci
suggest a gradual transition from the unconfined bulk liquid
towards the 3D solid crystal by increasing confinement. These
calculations also show how profoundly the thermodynamic
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FIG. 4. (a) Sequence of OSC images recorded during the liquid drainage experiments. The FTT was nucleated at the perimeter, then a Xy,
island (bright blue) was trapped and continuously drained into a sea of ¥y_;; (dark blue). (b) Stacked illustration of film thickness profiles
during layered island drainage experiments from [N] to [N—1] layers, measured at different times ty to ts corresponding to the OSC images
shown in part (a). The final profile is the measured film thickness and the preceding profiles are graphically offset by 0.2 nm for better visibility.
Based on OMCTS molecular size and simulations N equals eight layers. (c) The changes in the square root of island area /Ay (f) over time
suggest that interlayer diffusion, which limits the drainage rate, is predominantly occurring at the island perimeter. Note that the drainage rate
is slower than that in parts (a), (b) for more accurate measurement of the island area.

fingerprints of the nanoconfined 2D layered films differ from
both solid and liquid reference states of OMCTS. Such sub-
state analysis in a state diagram provides a means to study
how confined films can split into layers with distinct thermo-
dynamic states that unfold between 3D “solid” and “liquid”
and thus exhibit ostensibly contradicting properties. The inter-
mediate thermodynamic manifold states of the nanoconfined
films are similar to a continuous solidification [10] or glass
transition, if the underlying substate splitting is overlooked.
The predicted layer seclusion and the layer-specific en-
tropy should have assessable effects on the nanofluidics and
FTT propagation. We experimentally measured the kinetics
of an island of [N] layers draining into a sea of [N—1] layers
using the eSFA. The procedures used for generating such
islands in the eSFA are described in the SM [30]. Changes of
film thickness were recorded in real-time by a monochrome
CCD camera and evaluated using the optical spectral corre-
lation (OSC) method, which analyzes film thickness across
an optical correlator by record of photometric intensities [40].
An animated movie of a representative fluidic experiment is
also available in the SM [30]. The idea of this experiment
is to record the area of an island in state Xy, surrounded
by a film in state X;y_;. Figure 4(a) illustrates a sequence
of typical OSC snapshots. Different intensities correspond
to different number of layers in the fluid film. We note that
the island retains its secluded [N] layered structure during
the extent of the drainage experiments. Otherwise, we should
have seen a gradual decrease of the island thickness [see
Fig. 4(b)] in terms of change of the gray level. If the molecules
could easily permeate between the layers, the layered structure
would not persist in the island and the film would not undergo
stepwise thickness changes as observed in the snapshots (and
the movie in the SM). The temporal evolution of the area of
the completely isolated island, Ay (#) is recorded and shown
in Fig. 4(c). If the drainage rate of the layered island is deter-
mined by interlayer diffusion at the perimeter (ring wedge),
then one expects dA/dt o /A leading to A(r) o ? pro-
gression. Comparison of the fitted data in Fig. 4(c) shows that

the perimeter controls the drainage rate, which is in agreement
with previous measurements [27]. This observation shows that
the permeation of molecules between layers mainly occurs
in a well-defined peripheral region (while the island retains
its layered structure), and propagates by a front-dynamics to
complete a layering transition. Although this simple drainage
experiment cannot resolve all molecular details, it shows that
interlayer diffusion mostly occurs in the wedge, which is in
agreement with the entropy peaks seen in the MD simula-
tions [Figs. 2(b) and 2(c)]. Previous MD simulations have
also documented noticeable changes in the overall entropy
of the film during the layering transitions [20]. Our results
suggest that only the central layer(s) participate in molecular
rearrangements during a layering transition. The structural
changes, from a well-formed layered configuration to cen-
trally disordered, to a new layered state, are well manifested
by the configurational entropy. We note that the fluid-wall in-
teraction is a key factor that drives substate splitting. The state
diagram in Fig. 3(a) illustrates that the middle layer, o3 5,
performs a thermodynamically favorable enthalpy downshift
during the X5 to X4 transition. At the same time, it displays
a thermodynamically unfavorable entropy downshift. Thus,
the enthalpy of adsorption must be considered a key design
parameter in nanofluidics. In support of this hypothesis, we
repeated the MD simulations for stronger fluid-wall inter-
actions and found that the substate splitting and seclusion
were both amplified (Figs. S5, S6a, and S7d-S7f in the
SM [30]). Additionally, the potential for implementation of
substate splitting in a nanofluidic device opens the interesting
possibility of controlling interlayer diffusion and flow in the
center of a nanofluidic channel via subnanometer adjustments
of channel width and/or tuning nanochannel wall composition
[29,39,41,42].

III. CONCLUDING REMARKS

In summary, using MD simulations and eSFA experiments
of OMCTS, we found that the nanoconfined films in parallel

022026-4



SECLUSION OF MOLECULAR LAYERS IN A CONFINED ...

PHYSICAL REVIEW RESEARCH 2, 022026(R) (2020)

channels split into individual molecular layers corresponding
to thermodynamic substates. These substates become more
secluded with increasing confinement, and effective activation
barriers prevent interlayer diffusion. The layer seclusion as
well as the molecular packing in the layers increase upon
confinement. This demonstrates the correlation between the
exponentially increasing surface forces and the molecular
structure of the films.
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