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Understanding transport subject to molecular-scale confinement is key to advancing nanofluidics, yet classical
hydrodynamic laws often fail at these scales. Here, we study a model system: transport of toluene as a solvent

and small fullerenes as model particles confined within alumina slit nanopores using molecular dynamics
simulations. We find that toluene organizes into discrete layers whose commensurability with the pore width
leads to a striking, nonmonotonic, zigzag dependence of transport coefficients on confinement. This layering
drives oscillations not only in solvent diffusivity but also in flow velocity and permeability under pressure-

driven conditions, breaking the expected scaling relations between diffusion, viscosity, and flow. Surprisingly,
introducing a nanoparticle does not wash out these effects—although the fullerene perturbs local layering, the
nanoparticle diffusivity retains a zigzag dependence on pore width. Our results demonstrate how structural
commensurability and interfacial effects dominate transport in nanoconfined liquids and lead to important devi-
ations from continuum expectations. These findings establish a microscopic basis for size-dependent transport
in nanopores and highlight the need for beyond-hydrodynamic models in confined soft matter systems.

DOI: 10.1103/jjrg-bbrg

I. INTRODUCTION

When liquids are confined within pores just a few molec-
ular diameters wide, conventional assumptions about scale
separation no longer hold. [1] Under such extreme confine-
ment, transport becomes exquisitely sensitive to the structural
details of the solute, solvent, and the confining walls [2-5].
This effect is especially striking in complex liquids like liquid
crystals, which adopt distinct organizational patterns when
confined by solid [6-8] and liquid interfaces [9,10]. A similar
behavior has also been reported for larger molecules, such as
hydrocarbons [11], organosilicons [12], and ionic liquids [13].
Lately, the effective diffusion coefficient of small molecules,
such as toluene [14], and ions [14] has been reported to be
sensitive to the degree of confinement.

Recent results have also shown that the properties of “sim-
ple liquids,” hard-sphere particles or even molecules such as
water, undergo noticeable changes in the extreme confinement
regime [15]. For example, a sharp transition from viscous to
elastic response has been observed [16]. Moreover, not only
static properties but also dynamic properties exhibit changes
such as nonlinear rheology [17], spatially dependent diffu-
sivity [18], and confinement-dependent viscosity [19]. This
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implies that, unlike in the meso- to macroscopic regime—
where the dynamic properties of liquids confined within pores
typically vary monotonically with pore size—in the highly
confined regime, this relationship may change. Specifically,
nontrivial dependence on pore size could emerge for structural
and dynamic properties of liquid filling the pore. To what
extent this affects the transport of solutes through these pores
is yet to be understood.

To address these questions, we perform an in-depth simu-
lation study of the diffusion of fullerenes in toluene confined
within a fully hydroxylated alumina slit nanopore. This model
is chosen due to the nonpolar nature of the interface, the
solvent, and the solute, ensuring the dominance of weak dis-
persion interactions in the system. We observe the formation
of multiple toluene layers at the alumina interface, whose
commensurability with the confining geometry gives rise to
a nonmonotonic, zigzag dependence of the solvent diffusion
coefficient D as the pore width decreases. We furthermore
see that diffusion coefficients parallel and perpendicular to
the pore wall differ significantly, and are altered from that
of the bulk liquid. The associated effective viscosity obtained
from equilibrium simulations differs from that inferred un-
der steady-state flow; consequently, zigzag dependence of
the effective Péclet number Pe and the permeability on the
pore width is observed, contrary to predictions of mesoscopic
physics [20]. Specifically, while the flow velocity v indeed
exhibits nonmonotonic trends, full compensation by the dif-
fusion coefficient is not achieved. This complex behavior of
the solvent ultimately reflects in the transport of particles in
the fluid, in a manner that cannot be captured by expected
continuum theories.
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These findings stem from detailed MD simulations of
toluene confined within a slit nanopore using the gromacs
simulation software [21-27]. For toluene, the OPLS-AA [28]
force field is used, whereas for the C60 and C70, the atoms
of the aromatic carbon of the OPLS-AA force field are used
together with a structure from nuclear magnetic resonance
data [29] following Ref. [30]. The pore wall consists of hy-
droxylated bulk alumina (Al,O3;) with the force field taken
from Refs. [31,32]. The system was built and equilibrated
as in our previous work [14] (see Appendix A for method-
ological details), whereby an alumina crystal was placed in
an empty box to create a slit pore using periodic boundary
conditions applied in all three dimensions. The void was then
filled with toluene and, if applicable, a fullerene was added to
the toluene. After energy minimization, an NPT equilibration
was performed with semi-isotropic coupling, where only the
pore width was adjusted [33,34] to attain the correct density
at ambient pressure. Finally, an NVT equilibration step was
conducted under production conditions. In all simulations, the
temperature was controlled by the Bussi—-Donadio—Parrinello
(BDP) velocity rescaling thermostat [35] with a coupling time
of 1.0ps, to keep the system at 293.15 K, while in the NPT
run, the C-rescale barostat was used to control the pressure
with a coupling time of 5.0 ps.

II. RESULTS

We first calculate the dependence of the diffusion coef-
ficient parallel to the pore surface of the toluene, averaged
over all molecules, as a function of the pore width [Fig. 1(a);
methodology in Appendix B]. For pore widths w =~ 5nm, i.e.,
in the extreme confinement scenario, the diffusion coefficient
has a zigzag dependence superimposed on an overall decrease
as the pore becomes more and more narrow. This is consistent
with the behavior observed in Lennard-Jones fluids [36]. As
w > 3nm, the amplitude of oscillations decays until it van-
ishes for even larger pore sizes. The peak-to-peak distance
of the zigzag pattern is roughly 0.3 nm, which is consistent
with the thickness of a toluene molecule along its smallest
dimension.

These results are consistent with the idea that in commen-
surate packing, in which confinement length closely matches
an integer multiple of the solvent diameter, molecules tend to
arrange into well-defined layers, while deviations from this
result in a more “frustrated” and interlocked liquid structure
[15,37]. It is somewhat surprising that, under constant pres-
sure within the pore, and with the still preserved liquid state,
changes in the pore width that are much smaller than the
molecular size affect transport so strongly.

To assess whether this result is compatible with meso-
scopic physics [38,39], we examine the relationship between
diffusivity and flow velocity, captured by the Péclet number,
Pe = vd /D, at fixed pressure gradient, using the diameter
of the aromatic ring of toluene as the characteristic length
d = 0.66nm. For that purpose, we performed a series of
nonequilibrium molecular dynamics simulations to capture
the effect of applying external forces of increasing magni-
tudes to toluene (Fig. 4), after confirming linear response in
bulk liquids for the same force range (Fig. 5). Consistent
with observations of nonmonotonous diffusivity, the zigzag
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FIG. 1. Transport properties of toluene for different pore sizes.
(a) The molecular self-diffusion coefficient Dg of toluene in equi-
librium shows a strong zigzag dependence on the pore size for
pore sizes <2 nm. For larger pores, the behavior is similar, but less
pronounced. (b) When actively pulling the toluene through the pore
at a constant force of 20kJ mol ™' nm~', we observe a similar zigzag
behavior of the mean flow velocity v; however, it is present for pore
sizes <5nm. (c) The Peclet number Pe = vd /Ds with the molecular
size d (taken as the diameter of the aromatic ring d = 0.66 nm)
shows that the zigzag behavior is not of similar magnitude for dif-
fusion coefficient and mean velocity.

dependence is observed for the net flow of toluene [Fig. 1(b)].
However, in the extreme confinement, the diffusivity and flow
velocity oscillations are not compensatory, so that the Péclet
number also zigzags, which is a clear deviation from the
mesoscopic prediction [Fig. 1(c)].

To relate this behavior to effects occurring on the molecular
scale, we thoroughly analyzed the equilibrium local struc-
turing of toluene within the pore [top row of Figs. 2(a) and
6]. In the extreme confinement regime [first three columns
of Fig. 2(a)], several layers of toluene are clearly discerned
within the pore, while no “bulk” solvent region, characterized
by a homogeneous toluene density profile, is observed. For
weaker confinement [rightmost column in Fig. 2(a)], a bulk
region in the middle of the pore develops beyond four interfa-
cial layers.
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FIG. 2. State of toluene in the pore. (a) For four different pore sizes (columns, headers give the approximate width of the pore void),
several quantities are presented as functions of the position in the pore (vertical lines as a visual guide for the alignment of main features).
Density: toluene molecular COM density distribution. Diffusion: toluene diffusion coefficient in parallel (]|) or perpendicular (L) direction
to the pore wall. Mean orientation: mean (solid line) and standard deviation (shaded area), of the angle, the “normal” vector encloses with
the surface normal. Orientation distribution: histogram of the toluene orientation as the angle the “normal” vector encloses with the surface
normal. (b) A toluene molecule can be regarded as a platelet with approximate sizes of 0.83 nm x 0.66 nm x 0.33 nm and a mass of 92.141u.
It has two native vectors describing the molecular orientation: the vector “long” connects the carbon atom outside the aromatic ring with the
carbon atom farthest away, being the longest internal axis of the molecule. The vector “ring” connects two atoms in the aromatic ring and
is (in the absence of internal vibrations) orthogonal to the vector “long.” (c) Different alignment configurations of a toluene molecule near
a surface are depicted in a side view on both the toluene molecule and the wall. An additional orientation vector “normal” is sketched. The
vector is normal to the plane of the aromatic ring and thus orthogonal to both vectors “ring” and “long.” The normal of the wall surface is
also depicted (dashed red arrow), being the reference for angle calculations. All angles in this paper are calculated as the angles that a specific
vector encloses with the surface normal vector. The angles given in the sketches refer to the “normal” vector. A perpendicular alignment of
toluene appears for Oiony = Oring = 90°, while the parallel orientation is observed for Ooma = 0°. Due to the symmetry of the molecule, angles
between Gyoma = 90° and 180° can be mapped back to the range 90°-180°.
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We furthermore calculate the spatially resolved diffusion
coefficients of toluene [second and third rows of Fig. 2(a)].
Remarkably, the density and diffusivity profiles seem to be
weakly correlated: Strong density oscillations are inversely re-
lated to positions but not amplitudes of the peaks in diffusivity,
while the baseline of parallel diffusivity is strongly shifting [as
captured by its average (Fig. 1)].

The oscillations in density are more intense in the profile
of particle transport in the direction perpendicular to the pore
compared to parallel diffusion profiles, with local maxima in
density corresponding to local lows in particle mobility. The
precise relation is, however, complex, especially in the regions
between the extrema of density, and no simple relationship
between the absolute density and the perpendicular mobility
can be derived [18]. While in parallel direction, diffusivity
attains the bulk value at bulk density, the perpendicular dif-
fusion coefficient remains sensitive to the confinement even
at intermediate pore widths. Therefore, our data show not
only that it is not possible to extract the transport coefficient
from the density profile, but also that it is not trivial at all to
make even an “educated guess” about the local diffusivity by
inspecting the density profile.

Interestingly, a correlation of diffusivity was found with
the average orientation of the toluene in the pore [fourth and
fifth rows in Fig. 2(a)] and the distribution of the three toluene
orientation angles (Fig. 7). The orientation relates to the effec-
tive hydrodynamic radius of toluene molecules for transport
in a parallel or perpendicular direction, but it is also driven
by confinement. For example, toluene molecules lie flat at the
wall surface due to the hydrophobicity of the hydroxylated
alumina and the nonpolar nature of the toluene, while for
pores with d &~ 3 nm, toluene explores all orientations as its
local environment is that of the bulk liquid.

In the next step, we study how the nonmonotonic, zigzag
dependence of the solvent transport coefficients affects the
transport of solutes. For this, we add C60 and C70 fullerenes
into the pore and show that the zigzagginess of toluene
diffusivity with the pore size persists even in the pres-
ence of dissolved particles [cf. Fig. 1(a) and top panel in
Fig. 3], although the solvent layering is somewhat disrupted
(Fig. 8). These results demonstrate that under strong con-
finement, classical relationships between diffusion, viscosity,
and permeability no longer hold quantitatively and that such
deviations persist even in particle-laden fluids.

Strikingly, the fullerenes themselves exhibit a comparable
zigzag dependence (middle panel in Fig. 3). Although C60
(radius ~0.52 nm) and C70 (ellipsoidal, long axis ~0.61 nm)
are fully accommodated even in most narrow pores, their
diffusivity increases fivefold between pore widths of 1 and
7nm, compared to a twofold increase for toluene. This is
likely due to the complex interplay of the reduced surface
transport of fullerenes [14] with the strong confinement of
the liquid, causing a stronger effective friction (Appendix C).
The difference between C60 and C70 diffusivity demonstrates
the large sensitivity of transport properties to solute proper-
ties. It stems from the slightly elliptical shape of C70, which
can adjust its orientation to the local solvent environment.

Moreover, while for toluene the majority of the change
in the diffusivity occurs for pores of 1-3 nm, the fullerenes
remain sensitive to confinement across the entire studied
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FIG. 3. Pore size dependence of transport through the pore.
Shown is the mean lateral diffusion of the molecular center of mass
(COM) for (a) the solvent for the two different systems. The zigzag
for small pores is apparent. (b) The solute. (c) The ratio of solute
to solvent is depicted to correct the solute diffusion for a change in
solvent viscosity. All lines are guides to the eye.

range of pore widths. Furthermore, under strong confinement,
the solute-to-solvent diffusivity ratio varies nonmonoton-
ically (bottom panel of Fig. 3). This behavior contrasts
sharply both bulk conditions—where fullerene diffusivity
scales predictably with toluene viscosity and particle size via
the Stokes-Einstein relation [40]—and weaker confinement,
where the emergence of a bulklike region at the pore center
restores classical transport laws. This indicates that classical
hydrodynamic relations not only fail but cannot be recov-
ered via an effective radius. Transport in this regime must be
treated on fundamentally different grounds.

III. CONCLUSIONS

In summary, we have investigated the transport proper-
ties of toluene and suspended C60 and C70 fullerenes under
extreme confinement, using this as a model system where
the discrete molecular structure of the fluid becomes im-
portant. In this regime, the diffusivity of toluene exhibits a
pronounced, nonmonotonic zigzag dependence on pore size,
driven by commensurability effects between solvent layering
and pore geometry. This behavior disappears when the pore
size exceeds roughly ten molecular layers, highlighting its
confinement-specific origin.

Remarkably, the zigzagging trend persists under nonequi-
librium conditions, where flow is driven by an external
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FIG. 4. Fluid velocity induced by pulling forces. Constant velocity profiles accross the pore when toluene is pulled actively with a force
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. (Top) mean velocity and (bottom) full velocity distribution as a function of the position in the pore. The

mean velocities for the three pore sizes are 0.44ms™' (1.08 nm), 0.17 ms™' (1.17 nm), and 0.53 ms™' (1.40 nm). This resembles the same
trend as the diffusion coefficient of toluene in the three smallest pores: 11.1 x 107'm? s~ (1.08nm), 4.7 x 107"°m?s~! (1.17 nm), and

11.4 x 107'9m?s~! (1.40 nm).

pressure gradient. In this case, the standard proportionality
between diffusivity and flow velocity breaks down, leading
to a similarly nonmonotonic dependence of both permeability
and the effective Péclet number on pore size. This behavior re-
mains robust in the presence of suspended nanoparticles: C60
and C70 locally disrupt solvent layering, which is reflected
in subtle modifications of the solvent’s characteristic zigzag
diffusivity dependence on the pore width. However, their own
diffusivities also display a zigzag dependence on confinement.

We conclude that the zigzag dependencies observed sys-
tematically arise from a complex interplay between solvent
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FIG. 5. Linear response. Mean flow velocity as a function of the
applied force constant for different pore sizes. Error bars are standard
deviations, from the average performed over the velocities of all
toluene molecules in the pore, over all time frames of the production
run.

transport and molecular layering near the pore walls. The
layering manifests as density oscillations whose commen-
surability with the pore width varies, thereby influencing
the overall molecular mobility throughout the pore. These
density profiles reflect the underlying solvent-wall effective
potential, which in turn induces drifts within the solvent, the
consequence of which is a complex coupling of diffusivity
and density profiles. Transport behavior is further modulated
by a spatially varying effective hydrodynamic radius of the
solvent, stemming from orientational preferences of the sol-
vent molecules relative to the axis of motion. Such a complex
solvent environment persists even in the presence of solutes,
underscoring the need to go beyond classical transport rela-
tions when modeling transport under strong confinement.
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APPENDIX A: SIMULATION METHODS

Following a similar procedure as in our previous work
[14], all the simulations are performed with the 2021.3 ver-
sion of gromacs [21-27] with the leap-frog integrator and
a time step of 1fs. All bonds involving hydrogen atoms
are constrained using the LINCS algorithm [42]. Short-range
nonbonded interactions are treated with a Lennard-Jones po-
tential switched smoothly to zero between 0.9 and 1.2nm
[43], while long-range electrostatic interactions are calcu-
lated with the particle mesh Ewald (PME) method technique
[44,45]. In all simulations, the temperature and, if applicable,
pressure coupling occurs every ten steps, which is also the
frequency at which the center-of-mass motion of the whole
system is removed.

The NPT equilibration is conducted for 5ns at ambient
pressure and 293.15 K. The pressure coupling is applied only
in the direction orthogonal to the pore wall, such that only
the width of the pore is adjusted [33,34]. The velocities are
initialized according to a Maxwell distribution at the desired
temperature of 293.15 K. After NPT equilibration, for pores
with a width of at least =3 nm, we verify that the density
of toluene in the center of the pore attains values within 1 %
of the experimental bulk density of toluene of 867.1kg/ m?
[46]. This coincides with the estimated statistical uncertainty
of density in unbounded toluene simulations in same ther-
modynamic conditions. For pores where no bulk liquid is
present, the deviations from the bulk value increase as the pore
width decreases. For example, in pores 2 nm wide, the density
deviates less than 5% from the bulk value, while even for the
smallest pores the deviation is only about 15%.

The positions of all atoms in the system are recorded every
picasecond and the diffusion coefficient, density, and orien-
tation are all deduced from these data. In those simulations,
where the toluene is actively pulled through the pore, a con-
stant force is applied to all toluene molecules simultaneously,
mimicking a constant pressure drop across the pore. The ve-
locity of the whole system is reported every 2 ps. In order to
obtain the toluene flow velocity, the center-of-mass motion of
the pore wall (the hydroxylated alumina) is calculated along
with the velocity of the toluene molecules relative to the pore
wall.

APPENDIX B: DETERMINING PROFILES OF DIFFUSION
COEFFICIENTS FOR TRANSPORT PARALLEL
AND PERPENDICULAR TO PORE WALLS

Due to the lack of symmetry, we restrict our analysis
here to the interface-parallel direction. Based on the time-
dependent positions of particles 7;(¢) and the coordinate in
interface-parallel direction 7;  (¢), the interface-parallel mean
squared displacement MSD) is calculated as the following
average:

MSDy (A1) = (7t + At) = 7y (1)) )i (B1)

From this, we can then extract the parallel diffusion coefficient
D) via a linear fit of the linear region of the MSD;(Ar)
through the relationship

d
2}’lD|| = lim —MSD”(AI)

Ar—oo d(At) B2)

3500 4
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FIG. 6. Solvent density in the three smallest pores as a function
of the distance from the center of the pore. Strong differences in
the layering are apparent. While the first peak is indistinguishable
(see inset), the second one is either pronounced or smeared out,
depending on the most occupied toluene configurations in the pore.

Here, n denotes the number of dimensions considered, which
in the case of a two-dimensional subspace of the interface-
parallel position is n = 2.

To obtain the spatially dependent diffusion profile D (z)
with z being the direction perpendicular to the pore walls, we
use freely available, custom tools built on top of the gromacs
API, as in Refs. [13,18]. Specifically, we split the pore into
slices of thickness L = 0.1 nm, starting at position z;, such
that slice i is represented by the subspace z € [z, z; + L;].
As these subspaces do not evenly divide the pore width, the
last, incomplete such space is discarded. Further, the resulting
profile is mirrored across the center of the pore to account for
the intrinsic symmetry of the system. The trajectories of par-
ticles are then split for each slice into subtrajectories, where
the particle was continuously within the slice. Whenever the
center of mass of the particle leaves the slice and returns back
into it, it is then treated as an additional subtrajectory. The
calculation of MSDy; is then performed as in Eq. (B1) but
restricted to these subtrajectories. Hence, the average (-);; is
calculated as the time average only considering events where
the particle remains continuously within slice i from ¢ to
t + At. Then, the mean diffusion coefficient within the slice
D) ,; becomes

d
2nDH,,'= lim —MSD”J(AZ‘). (B3)

At d(At)
In particular, we calculate the approximate slope limit via a
linear fit in the occurring linear regime of MSD) ;(At). At
longer times, the statistics are affected due to the confinement
to one thin slice.

For the perpendicular diffusion, we use the so-called sim-
ple particle model (SPM) for extracting diffusion coefficients
from the distribution of lifetimes of a particle within each slice
[18]. As the pore effects are strong, we resort to the version of
the model that accounts for the impact of drift resulting from
the effective background potential, following the protocol
fully validated in our previous publication. Specifically, the
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FIG. 8. Fullerene in the toluene-filled pore. Potential of mean force for a C60 in the three smallest pores. The dashed lines give the positions
where the particle is in contact with the wall. Left: Potential of mean force for the positioning of the COM of the fullerene in pores of different
widths. Right: Sketch of a pore of a width 1.09 nm (blue) and 1.4 nm (green). Light blue and green circles represent a C60 fullerene in such
pores, drawn to scale. In the narrow, blue pore, fullerene expels all solvent molecules, while in the green pore, there is just enough space for
one toluene molecule. This drives a transition from a single-well to a double-well potential of mean force for a fullerene COM in the pore.

distribution of lifetimes was fitted by its analytic prediction.
When necessary due to the finiteness of the trajectories, the
distributions were extended by an exponential curve to reach
to the long-time limits.

The perpendicular diffusion coefficient was then calculated
via the relationship

1 L?

= (B4)

1

The correction for drift (see the SPM+-d approach in Ref. [18]
for details) was then applied to our resulting diffusivity to
obtain reliable local perpendicular diffusion coefficients. We
used the corrected result from the fit of the analytic model as
a basis for our plots. Standard deviation was calculated from

diffusivities calculated without drift correction, without long-
time limit extension of the distribution and the fully corrected
result.

APPENDIX C: DENSITY PROFILES OF FULLERENES
IN NARROW PORES

While the smallest pore only allows for a single minimum
in the middle of the pore, the larger pores allow for two
minima at the walls (see Figs. 6 and 8). For the intermediate
pore (1.21 nm), parts of a toluene molecule can squeeze in
the empty space between the fullerene and the other wall. For
the larger pore (1.40nm), a full layer of toluene fits in the
empty space, giving rise to the strong potential barrier (about
25 kJ mol) between the two minima.
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