Entropic modulation of divalent cation transport
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Aqueous cations permeate subnanoscale pores by crossing free energy barriers dominated by
competing enthalpic contributions from transiently decreased ion-solvent and increased ion-pore
electrostatic interactions. This commonly accepted view is rooted in the studies of monovalent
cation transport. Divalent cations, however, have significantly higher desolvation costs, requiring
considerably larger pores to enable retention of the first hydration shell and subsequently transport.
We show that this scenario gives rise to a strong enthalpy-entropy competition. Specifically, the
first hydration shell is shown to undergo rotational ordering inside the pore, resulting in a tight
transition state. Our results shed light on the basic mechanisms of transport barrier formation for
aqueous divalent cations permeating nanoporous 2D membranes.

Ton transport through solvated nanoporous membranes
is a fundamental process underlying complex natural and
engineered systems. The thermodynamics of ion trans-
port are broadly understood in terms of ion solvation and
energetic penalties incurred during ion transitions, but
the molecular-level decomposition of these phenomena
remain unclear. Furthermore, thermally accessible trans-
port depends on ion identity and valence. Here, we inves-
tigate the molecular thermodynamics of monovalent and
divalent cation transport across nanoporous 2D mem-
branes separating an aqueous ionic bath [1-4]. These
model systems comprise two identical aqueous regions,
minimally perturbed by nanoporous interfaces. Within
this framework, transport barriers are informed by the
electrostatic features of the pore and the membrane ma-
terial; describing ion transport through such pores then
reduces to a detailed understanding of all contributions
to the corresponding ion-specific barriers.

The importance of nano- and sub-nanoporous 2D solids
is far beyond their ability to serve as illustrative mod-
els of transport barrier formation. Recent advances in
fabrication make multivacancy pores, resulting from no
more than a dozen or so atomic sites ejected from the
host 2D lattice, a reality [5-10]. In aqueous environ-
ments, permeant-specific barriers underlie unique trans-
port properties, potentially promising to a wide range
of applied areas, including molecular and ionic separa-
tion [11, 12], sensing of biomolecules [13, 14] and me-
chanical strain [3, 4, 15-17], power generation [18], and
nanofluidics-based computing [19-21].

Because transport of alkali salt cations is most com-
monly studied, theoretically and experimentally, our un-
derstanding of transport barrier formation is broadly
based on the corresponding physics of monovalent
cations. For subnanoscale pores with locally dipolar
edges, permeation occurs one ion at a time, and the
underlying mechanisms are relatively straightforward.
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FIG. 1: A simplified sketch of the ion-pore and ion-water
interactions as a function of the ion transport coordinate (de-
noted t.c. on the left) in the direction perpendicular to the
membrane plane.

Upon traversing the subnanoscale pore confinement,
cations transiently lose a significant portion of their first
hydration shell while gaining the energy of electrostatic
interactions with the pore region [1, 2, 22]. Depending
on the dehydration peak height in relation to the corre-
sponding ion-pore well depth, the overall barrier can then
be attractive or repulsive, as sketched in Fig. 1. Ubig-
uitous in biological and artificial nanofluiodic/nanoionic
systems, this apparent competition between the enthalpic
ion-water and ion-pore contributions to the transport
barrier was pointed out as a potentially interesting bridge
with coordination chemistry [2, 5], which describes ion in-
teractions with entities such as crown ether molecules in
aqueous environment [23].

Divalent cations interact with water significantly more
strongly than their monovalent counterparts; for com-
parison, the standard enthalpies of hydration for K+
and Mg?* are -322 kJ/mol and -1921 kJ/mol, respec-
tively [24]. This fact makes the permeation mechanism
outlined above far less probable for divalent cations under
a realistic electrostatic bias. For measurable transport of
divalent ions to occur, wider pores are therefore funda-
mentally required to allow retention of the entire first



hydration shell (FHS) throughout pore traversal.

To gain insight into transport barrier formation be-
yond the case of monovalent alkali cations, we investi-
gate divalent cation permeation through nanoscale pores
in monolayer hexagonal boron nitride (hBN). We demon-
strate that upon traversal of a pore that barely permits
complete retention of the FHS, a non-negligible entropic
contribution to the overall transport barrier emerges, in
contrast with the enthalpic view outlined above. This
contribution is shown to arise from a transient rotational
immobilization of the FHS inside the pore. We also show
that, depending on the membrane material, the water-
water interactions can be both stabilized and destabilized
by an ion entering a pore during permeation. In the main
text, we focus on aqueous Mg?* ions, while additional re-
sults for Ca?t are provided in the supplementary section
S3 [25].

Our results were obtained using classical all-atom
molecular dynamics (MD) simulations, performed in a
rectangular 3 nm X 3 nm x 5 nm cell, periodic in XY Z,
unless stated otherwise (e.g., to obtain the results of ad-
ditional simulations presented in the Supplementary Ma-
terial [25]). Inside the simulation cell, a porous 2D mem-
brane was positioned in the XY -plane, followed by im-
mersion in 0.5 M of aqueous electrolyte specified later
in the text. All water-dissociated salts simulated in this
work were chlorides. Simulated systems typically con-
tained ~6000 particles. Interatomic interactions were
simulated within the OPLS-AA forcefield framework [26],
using established parameterizations to describe hBN [27]
and MoS, [28]. Additional simulations (see Supplemen-
tary Material [25]) were carried using the GROMACS
implementation of the CHARMM 36 forcefield [29]. The
partial atomic charges of the edge atoms (nitrogens and
So pairs for hBN- and MoSs-hosted triangular pores, re-
spectively) were set to 2/3 of the bulk values, result-
ing in charge neutrality of the pore regions in all cases.
Water molecules were described according to the TIP4P
model [30]. Coulomb electrostatics was resolved using the
particle-particle—particle-mesh scheme [31]. The cut-off
radius for Coulomb and van der Waals interactions was
1.2 nm. A representative simulated system is sketched
in Fig. 2 (a) with several examples of triangular pores
in hBN shown in Fig. 2 (b). Atoms at the membrane
perimeters were harmonically restrained to their initial
positions to prevent membrane drift. Prior to production
simulations, all systems underwent static energy mini-
mization, followed by 10 ns of semi-isotropic NPT relax-
ation (7' = 300 K, P = 1 bar, box Z-dimension adjusted,
XY-dimensions constant). All production simulations
were carried out in the NVT ensemble. Dynamic relax-
ation and production simulations were performed with
time-steps of 1 fs and 2 fs, respectively. The potential
of mean force (PMF) calculations for ion transport were
performed using umbrella sampling along the transport
direction (Z-axis) and the weighted histogram analysis
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FIG. 2: Jon transport with transient dehydration. A gen-
eral sketch of a hydrated cation permeating a nanoscale pore
in aqueous hBN monolayer (a) and examples of triangular
pore structures (b). Ion — water oxygen radial distribution
functions for K™ cation in bulk solvent and inside a 4-atom
vacancy (c) and Mg cation in bulk solvent and inside a 16-
atom vacancy (d).

method (WHAM; run with options to symmetrize the
PMF) [32], as used previously [2, 3]. All MD simulations
were carried out using the GPU-accelerated GROMACS
package v.2024.4 [33, 34].

Consider the triangular N-terminated multivacancy
pores in hBN shown in Fig. 2 (b). The smallest pore
permeable to aqueous K¥ ions is the tetravacancy [17],
while aqueous Mg?t is able to permeate pores no smaller
than the 16-atom vacancy pore. The effect of pore con-
finement on the hydration of K* is shown in Fig. 2 (c).
In agreement with the previously reported behavior of
aqueous KT in similarly sized graphene-embedded crown
ethers [2], the radial distribution function (RDF) of wa-
ter oxygens exhibits a significant reduction, compared to
bulk, in both the first and second hydration shell (SHS)
around the cation located within the pore. Specifically,
approximately half of the FHS is removed from a pore-
confined Kt ion. In contrast, from the perspective of
the same RDF comparison, the larger 16-atom vacancy
pore impedes divalent Mg?* permeation through reduced
SHS interactions compared to bulk, while the FHS re-
mains fully intact (Fig. 2 (d)). However, as shown fur-
ther below, the partial removal of the SHS around Mg?*
does not reveal the source of the barrier in the PMF for
the permeation of the Mg?t through the pore. Shown
as solid curves in panels (b) and (c) of Fig. 3 are the
free energy profiles of Mg?* and KT, respectively. Given
the rate-setting barriers of (5.7 + 0.5)kgT for Mg?™ and
(3.7 £ 0.5)kpT for KT, an Arrhenius-type estimate sug-
gests that the permeation rate for KT is between 3 and



22 times higher than that for Mg?*. Independent sim-
ulations of ion transport in these two cases (performed
at an effective transmembrane bias of 0.06 V) yielded
5.16 £ 2.00 pA and 50.36 & 3.25 pA per pore for Mg+
and KT, respectively. Given the charge ratio of two be-
tween Mg?t and K*, the corresponding ratio between
the permeation rates is 19.5 £ 7.7, in reasonable agree-
ment with the estimate above. More importantly, the
energetics of KT transport through the 4-atom vacancy
is dominated by the potential energy of ion-pore interac-
tions [17], while the presence of a repulsive peak at Z = 0
in the Mg?* free energy profile (see provided visualiza-
tion of simulated ionic trajectories [35]) warrants further
discussion.

To estimate the enthalpic contributions to the free en-
ergy profiles, we carried out a series of 1-us-long equi-
librium simulations of K* and Mg?* harmonically re-
strained at various distances from the center of the cor-
responding pore (along the Z-direction). The time-
averages of the potential energy (offset by a value ob-
tained near Z = —1 nm, which is sufficiently far from
the pore and thus close to bulk conditions) are shown as
individual green points in Figs. 3 (a) and (b) for KT and
Mg?2™, respectively. For direct comparison of the energet-
ics between a monovalent and divalent ion in combination
with the same pore (16-atom), we show the results of the
same calculations for K in Fig. 3 (c). Finally, individual
contributions to the enthalpic component of the free en-
ergy are considered in the supplementary section S1 [25].

The PMFs along the permeation coordinate agree
qualitatively with the corresponding estimated enthalpy
profiles for K* (Figs. 3 (a) and (c)), while exhibiting a
significant difference for Mg?* in Fig. 3 (b). For KT,
the quantitative discrepancy between the enthalpy and
the free energy in Fig. 3 (a) does not appear to ex-
ceed 2kpT, supporting the mostly enthalpic origin of the
free energy profile, as outlined above. However, the es-
timated enthalpy profile for Mg?* in Fig. 3 (b) qualita-
tively contrasts the PMF': the prominent repulsive barrier
(~ 6kpT) of the PMF near the pore mouth (Z=0) is in
excess of ~ 8kpT of the enthalpy well (—2kpT). The dis-
crepancy between the PMF and the enthalpy for Mg?*
thus strongly suggests a large entropic contribution to
the free energy barrier.

On the timescale of membrane permeation (or order 1-
2 ns), aqueous Mg?* can be accurately characterized as
an exceptionally stable hydrated Mg?*-(H20)g complex.
The Mg?+ FHS lifetime in bulk water is of order mi-
croseconds [36], several orders of magnitude longer than
it takes this ion to cross a porous 2D membrane. As de-
scribed above, Mg?*-(H30)g permeates the pore confine-
ment as a stable complex. We note that the transport
of Mg?*.(H20) features SHS changes that are analo-
gous to the FHS changes for K¥; in fact, quantitative
similarities between the corresponding dehydration costs
are shown using ion-solution curves in the supplemen-
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FIG. 3: Enthalpic contributions to the permeation energet-
ics. Free energy profiles as a function of permeation coor-
dinate (along Z) in the form of PMF curves, alongside the
corresponding time-averaged potential energy as a function
of ion’s Z-position (solid points) for K* (a) in the 4-atom
hBN vacancy, Mg®* in the 16-atom vacancy (b), and K in
the 16-atom vacancy (c). In (d), RDF curves for Kt in se-
lected conditions are provided. The solid green lines in (a-c)
are visual guides and not numerical fits. The time-averaged
potential energies were calculated on one side of the pore and
mirrored in the plots above for direct comparison with the
symmetric PMF; the values are offset by the corresponding
“bulk” value (as calculated at Z = —1 nm).

tary Figs. S1 (a) and (b). However, we note that the six
FHS waters within the Mg?*-(Hy0)g complex are gener-
ally “configurable” with respect to their angular locations
around the Mg?™ due to rotation of the FHS as a whole
around the ion, as well as local angular deformations the
FHS - all without affecting the RDF (Fig. 2 (d)). As we
will show below, configurability of this three-dimensional
rotor dominates the permeation barrier through a large
entropic penalty that results from the reduction of ro-
tational microstates available to the FHS as the ion ap-
proaches and traverses the pore.

We observed significant rotational immobilization of
the water shell within the Mg?*-(H20)¢ complex upon
crossing the pore confinement. To quantify this phe-
nomenon, we performed a series of 20-ns equilibrium sim-
ulations, where a fully solvated Mg2* ion was harmoni-
cally restrained using the same PMF reaction coordinate.
Throughout each simulation, we tracked the motion of
each water oxygen relative to the ion and obtained the av-
erage volume available to the FHS (with the “bulk” value
corresponding to that calculated at Z = —1 nm). Note
that since the FHS maintains its radial structure during
permeation, volume changes reflect changes in the spher-
ical surface area statistically occupied by water oxygens.
In bulk solution, the entire sphere is accessible due to



the random rotational motion of the FHS around the ion
(see section S2 of the Supplementary Material [25] for de-
tails). Independently, we performed calculations of the
corresponding entropic changes by tracking the spheri-
cal angles of the Mg?T-oxygen radius-vectors within the
FHS. The relative entropy is then defined as a Kullback-
Leibler divergence:

ASp(N) = ~Nbw Y p(o.0)m (2E0) )
0,0 Po (03 d))

where N is the number of FHS waters, assumed to be the
same in both states subject to comparison; p(6, ¢) is the
probability density of the FHS oxygens’ angular location
within the two-dimensional bin cell at (6, ¢) and po (6, ¢)
is the same quantity for a suitable bulk-like reference
state (here, corresponding to Z = —1 nm). The resulting
values of TAS, alongside the bulk-normalized volume are
shown in Fig. 4 (a) and further details are provided in
the supplementary section S2 [25].

As presented, in the direct vicinity of the pore, the
entropic contribution (-T'AS) to the free energy is a re-
pulsive peak of ~ 9kgT, accompanied by a highly lo-
calized 4-fold reduction in the available volume. The
quantitative agreement between the magnitude of this
barrier and the discrepancy observed in Fig. 3 (b) clearly
supports a transient loss of entropy near and inside the
pore; this finding provides a clear insight into barrier
formation for aqueous divalent cations. Furthermore,
the entropic effects arising from rotational immobiliza-
tion described above may be directly observable. For in-
stance, Mg2™ transport is highly mechanosensitive with
pores that yield comparatively negligible mechanosensi-
tivity with K™ (see supplementary section S4 [25]).

The entropic effects described above are also present
for monovalent cations, except on a more modest scale.
As a result of partial FHS removal inside a pore, a purely
entropic competition arises: the waters remaining in the
FHS undergo a degree of angular immobilization and
thus contribute a decrease in entropy. However, the wa-
ters removed from the FHS are returned to the solution,
contributing a competing increase in entropy. A more
general estimate of entropy changes including these com-
peting effects is possible; the entropy change between a
reference state with FHS occupancy Ny and a state with
FHS occupancy N < Ny is

AS(NO — N) ~ ASKL(N) + (N — No)ASb, (2)

where ASy is the absolute value of the per-water molecule
bulk hydration entropy for a given ion. The first and
second term in the sum above therefore accounts for the
entropy reduction due to immobilization of what is left of
the FHS inside the pore and the entropy increase associ-
ated with the removed portion of the FHS. Note that with
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FIG. 4: Bulk-normalized effective volume of the FHS along-
side the corresponding entropic contribution to the free en-
ergy of permeation, as a function of the Z-distance between
the Mg®" ion and the 16-atom vacancy in hBN (a). As re-
ported, TAS is the Kullback-Leibler entropic contribution to
the free energy of permeation. Water distribution sketches
around the ion are shown in blue at the top of the figure.
Estimated entropy changes for the KT ion permeating the
4-atom and 16-atom pore in hBN (b), along with the corre-
sponding FHS occupancies (¢). The numerical uncertainty
of entropic contributions (~ %kBT) was evaluated from di-
vergences between physically equivalent bulk states (e.g., be-
tween near-bulk pairs located at 7).

N = Ny, Eq. 2 correctly reduces to Eq. 1. The exper-
imentally measured entropy of hydration for K is (5.6
to 6.6)kpT [37], which, assuming six water molecules in
the bulk K+ FHS, yields AS, ~ kp. The estimates given
by Eq. 2 for K* in the case of 4-atom and 16-atom pore
in hBN are given in Fig. 4 (b). As presented, the overall
entropic changes between bulk water and the pore region
are modest compared with those in Fig. 4 (a). Given the
overall weaker levels of immobilization and considerable
loss of FHS K™ inside both pores (see FHS occupancy
as a function of Z-position in Fig. 4 (¢)), this finding is
overall expected and consistent with the PMF-enthalpy
comparisons in Figs. 3 (b,c). For further discussion in-
volving Ca?" ions, see supplementary section S3 [25].
Typically, entropic effects play a major role in sys-
tems involving chains and polymers [38, 39], including
ion-crown complexation [40, 41]. Here, however, the ef-



fect of “entropy on a shell” is prominent due to the exis-
tence of an exceptionally stable ion-water complex with a
high density of configurational microstates in bulk water.
Given the level of rotational ordering arising from the
FHS-pore electrostatic interactions (see normalized vol-
ume data in Fig. 4 (a)), the resulting entropic-enthalpic
interplay is strongly marked by what thermochemistry
describes as a tight transition state [42].

In summary, we tuned nanopores in 2D membranes to
have comparable, thermally accessible barriers for mono-
valent and divalent ions to carry out an in-depth anal-
ysis of transport energetics for both ion types. As ex-
pected, the nature of the permeation barrier is enthalpi-
cally driven for monovalent ions. In contrast, the perme-
ation barrier of divalent ions is affected by an entropic
cost, which increases with increasing FHS stability. The
effect can be rather dramatic for Mg?*: while this ion
is enthalpically attracted to the dipolar interior of the
pore, the entropic cost is shown to render the pore re-
pulsive. Since the entropic contribution of the Mg2?T
FHS is so large, the Mg?T-(Hy0)g complex can act as
a sensitive molecular switch capable of probing highly
localized water-pore interactions beyond enthalpies. The
entropic effect reported here appears to be experimen-
tally testable: as shown in supplementary section S5 [25],
Mg?* transport is exceptionally mechanosensitive for
pores that within identical strain ranges exhibit almost
no such effect with monovalent cations [43].

This work sheds new light on the thermodynamic driv-
ing forces underlying ion transport, providing a founda-
tion for understanding transport phenomena beyond en-
thalpically driven barrier formation. Our choice of diva-
lent cations that are known for their exceptionally sta-
ble hydration shells suggests that the findings presented
here are general; other systems involving permeants with
highly stable solvation shells should exhibit significant
entropic contributions to barrier-limited transport. Fi-
nally, we have demonstrated once again that nanoporous
atomically thin membranes in aqueous environment offer
a versatile and informative framework that will continue
to reveal new insights into metal ion transport.
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