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Nanoconfinement in Slit Pores Enhances Water Self-Dissociation
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We investigate the self-dissociation of water that is nanoconfined between the sheets of a realistic layered
mineral, FeS mackinawite, as well as between Lennard-Jones walls via ab initio simulations. By comparing
it with the same reaction in bulk water under various thermodynamic conditions, we show that such strong
two-dimensional confinement between hard surfaces greatly enhances the self-dissociation process of
water—thus increasing its ionic product K, due to nanoconfinement. In addition to providing free energies,
we analyze in detail the underlying dielectric properties in terms of dipole moment distributions, and thus
the polarity of the liquid, as well as local polarization fluctuations as quantified by dielectric tensor profiles

perpendicular to the lamella.
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In recent years, nanoconfined water has received steeply
increasing attention due to its very peculiar properties such
as its extremely confinement-dependent phase behavior
[1,2], almost frictionless flow [3], and distinct dielectric
properties [4,5]. Other intensely studied processes in nano-
confined water are proton conduction, ion transport, and
molecular separation in water nanochannels hosted by
tailored nanostructures [6,7], carbon nanotubes [8-11],
graphene layers [12—17], or layered minerals [18,19] in
view of their very promising applications in energy storage
[20-22] or water purification [12].

Yet, there is much to be understood about the effect of the
confinement itself on actual chemical reactions in the
aqueous phase. While soft confining media such as micelles
have been extensively used for studying chemical reactivity,
such environments are vastly different from chemically inert
and hard confining media such as nanotubes, graphene, or
mineral sheets. Indeed, water in such media deserves special
attention, and so far only its effect on the conformational
equilibrium of biomolecules has been studied [23,24] while
other processes involving the breaking and making of
covalent bonds remain largely unexplored.

Moving beyond structure and dynamics, this Letter is
devoted to unraveling nanometric confinement effects
on the most paradigmatic chemical reaction in aqueous
environments, namely, water self-dissociation, using both a
realistic model of mineral slit pores, namely, mackinawite
FeS sheets, and a schematic hydrophobic confinement
modeled by Lennard-Jones walls. In particular, we examine
nanoconfined water between mackinawite sheets at so-
called hydrothermal vent conditions as part of broad
investigations into prebiotic chemistry within the “iron-
sulfur world” scenario of the origin of life [25-28].

General properties of such nanoconfined neutral water
[29] as well as the structural diffusion of excess protons [18]
and proton holes [19] have already been explored, revealing
that nanoconfinement greatly conditions in an unexpected
way the structural diffusion mechanism of OH™ (aq) but not
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that of H* (aq). Most recently, we already found remarkable
nanoconfinement effects on several complex chemical
reactions [28], in particular regarding the qualitative
stabilization of charged and charge-separated species in
nanoconfined compared with bulk water. In an effort
to understand the underlying physical principles, we
systematically investigate herein the fundamental water
self-dissociation process and disclose that nanoconfinement
significantly enhances this elementary reaction compared
with the bulk regime. This finding goes hand in hand with
significant changes of the dielectric response tensor of the
nanoconfined water lamella, while confinement-induced
changes of charge defect structures or water polarity cannot
explain the phenomenon.

Computational approach.—Our computational model
as well as the ab initio molecular dynamics [30] setup
for nanoconfined hot-pressurized water between mackina-
wite sheets (NCW) is the validated “wide pore” approach
(see Fig. 1) as used to study neutral [29], acidic [18], and
basic [19] nanoconfined water as well as a set of complex
reactions leading to prebiotic peptide synthesis [28]; see
the Supplemental Material [31] for details, including the
additional Refs. [32-47].

Self-dissociation in bulk reference systems.—In order to
further validate our computational approach to activation
free energies for water dissociation in aqueous environ-
ments, we apply it first to study the self-dissociation of H,O
in bulk water at temperatures between 350 and 500 K

where experimental data are available at variance with

nanoconfinement conditions. The data, see AF ‘éim in Fig. 2

[being the free energy difference between ny ~ 2 and ny =
1.1 in Fig. 3(a) obtained from thermodynamic integration,
see Sec. I.C in the Supplemental Material [31] ], show that
even though the simulations systematically underestimate
the free energy barrier in absolute terms, its increase with T
is essentially quantitatively reproduced compared with
experiment (note that the rate of the dissociation reaction,

© 2017 American Physical Society


https://doi.org/10.1103/PhysRevLett.119.056002
https://doi.org/10.1103/PhysRevLett.119.056002
https://doi.org/10.1103/PhysRevLett.119.056002
https://doi.org/10.1103/PhysRevLett.119.056002

PRL 119, 056002 (2017)

PHYSICAL REVIEW LETTERS

week ending
4 AUGUST 2017

FIG. 1. Representative snapshot of the NCW system that hosts
one dissociated water molecule (as obtained from the thermo-
dynamic integration replica with a coordination number of 1.1,
see text). Water molecules are shown as red and white balls and
sticks whereas the OH™ and H;O™ species resulting from the self-
dissociation reaction are highlighted with green and purple
spheres, respectively, while the Fe and S atoms are shown as
brown and yellow spheres.

being roughly ~ exp[—AF*/kgT], increases upon increas-
ing T at constant p). Therefore, our approach is reliable for
predicting the change of the dissociation free energy in
response to changing conditions. We note that the increase
in the energetic cost for water self-dissociation with higher
T correlates with a decreasing static dielectric constant of
bulk water [48], from ¢ = 62.47 at 350 K and 20 MPa to
31.25 at 500 K as will be discussed later.
Self-dissociation under confinement.—The free energy
profile for water self-dissociation in the NCW system,
when compared with those in bulk water at different
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FIG. 2. Activation free energies AF* for H,O self-dissociation
in bulk water at p = 20 MPa as a function of temperature leading
to H" (aq) and OH™(aq). Note that the scale for the simulation
results for Angm (with error estimates from Sec. I.D in the
Supplemental Material [31]) is shifted upwards for a better
comparison with the experimental data for AFg, (obtained

from the corresponding experimental [49] ionic products K,,).
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FIG. 3. Relative free energy profiles AF(ny) for the H,O self-

dissociation reaction; AF¥ is obtained at n;; = 1.1. (a) Bulk water
at p = 20 MPa and different 7" versus nanoconfined water within
mackinawite sheets (NCW) at p =20 MPa and T = 500 K.
(b) Bulk water at p = 20 MPa and T = 500 K and nanoconfined
water within Lennard-Jones (LJ) walls, which closely reproduces
the water density profile of the NCW system, and such systems
with average densities reduced to 80% and 65% of the NCW or
LJ value (LJyg, and LJes,, respectively) compared with NCW
conditions (see Sec I.B in the Supplemental Material [31] for
definition of the LJ and Bulksy, systems).

temperatures [Fig. 3(a)], reveals that the self-dissociation
reaction is greatly enhanced by this confinement.
Upon changing from the corresponding bulk regime
(p =20 MPa, T =500 K) to NCW conditions, the free
energy barrier AF* is reduced by almost the same amount
as when reducing 7 in the bulk regime from 500 K to
350 K. Assuming thermal activation, this corresponds to an
acceleration of this chemical reaction by roughly a factor
of 55 due to nanoconfinement, which decreases the
pK,, = —logK,, of water by roughly two decadic units.

In previous works [18,19] we found that there are no
specific interactions between the FeS sheets and water
including H* (aq) and OH™(aq), which suggests that the
reduced barrier for the self-dissociation reaction discovered
here upon nanoconfinement is not a consequence of any
specific mineral-water chemistry. In order to confirm that
the observed effect is due to the geometric confinement
effect as such, we compare the free energy profile in NCW
with that obtained for water confined by chemically inert
Lennard-Jones (LJ) walls (LJ system, see Sec. I.B in the
Supplemental Material [31] for details). It is clearly
revealed [Fig. 3(b)] that the reduction of AF¥ is due to
the confinement itself, since the LJ and NCW profiles
overlap almost perfectly.
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Dipole distribution of nanoconfined water—As a first
attempt for explaining the remarkable reactivity changes
between nanoconfined and bulk water, we investigated the
respective H,O dipole moment distributions (Fig. 4).
Importantly, the dipole distributions in the NCW and LJ
systems are identical, thus further backing up the con-
clusion that the behavior of water in FeS sheets is
dominated by the confinement itself and not by the distinct
chemistry of the interfaces. This holds true upon reducing
the water density in the NCW system to 80%, NCW,,,
and comparing with the equivalent LJyg, system. Most
importantly, the distributions in the NCW and LJ systems
are shifted towards higher dipoles compared with the bulk,
while at lower density they are displaced towards smaller
dipoles (see the caption of Fig. 4 for the average dipole
moments). This makes it unlikely that the different dipole
distributions in confinement compared with the bulk are
key to understanding the observed changes of AF*: while a
more polar solvent could better stabilize charges such as the
H"(aq) and OH™ (aq) species in the case of the NCW or LJ
systems, this same argument would not explain why AF* in
the L)y g, system is still lower than in the bulk despite being
“less polar” in that sense, or why AF* in LJo s, 1s almost
the same as in the bulk despite its distinctly different
dipole distribution. Thus, the altered “polarity” of the liquid
(as quantified by its average molecular dipole moment)
cannot explain the observed phenomenon.

Solvation structure of H'(aq) and OH™(aq).—In
an effort to possibly unveil a structural basis for the
nanoconfinement-induced enhancement of water self-
dissociation, we analyzed the solvation structure of the
products H* (aq) and OH™(aq) in nanoconfinement versus
the homogeneous bulk. These final states are found to be
similar to what is known from the bulk: the excess proton
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FIG. 4. Normalized distribution functions P of the H,O dipole
moments of nanoconfined water within FeS sheets under NCW
conditions and with the density reduced to 80% (NCWyy,)
compared with nanoconfined water within LJ walls at different
densities (LJ, LIy g, and LJ( ¢5,) and with bulk water. The average
dipole moments (in D) are 2.40 and 2.41 (for the NCW and LJ
systems, respectively), 2.26 and 2.24 (NCW;g, and Llyg,,
respectively), 2.17 (LJjes,), and 2.32 (Bulksg).

H*(aq) is properly solvated and diffuses across the whole
system via the “Grotthuss mechanism” [50], while the
excess hole OH™ (aq) prefers the same “resting state” [50]
as demonstrated in Sec. II.B of the Supplemental Material
[31]. Moreover, analyzing the solvation structure along the
dissociation coordinate (see Sec. II.C of the Supplemental
Material [31]), we observe that the initially intact H,O
molecule first generates OH™(aq) in its proper “active
state” before it transmutes to the resting state at full
dissociation according to the well-established “dynamical
hypercoordination mechanism” [50]. Hence, we conclude
that the solvation structure of H'(aq) and OH™(aq) in
nanoconfinement is the same as in the bulk limit, and,
therefore, is not responsible for the observed reduction of
the dissociation free energy.

Dielectric  profiles  of nanoconfined  water.—
Transcending the analysis of dipole moments and solvation
structures, we now investigate their correlations in the sense
of spatially resolved dielectric properties quantified in terms
of polarization fluctuations. It is well established that the
(isotropic) dielectric constant ¢ (i.e., the relative static
permittivity) of bulk water greatly changes with temperature
and pressure [51,52]. As we pointed out earlier, the
increasing AF* for water self-dissociation upon increasing
T may be explained in terms of the significant decrease of ¢:
its lower value at high 7 implies that the charged species
formed upon H,O dissociation are no longer that well
stabilized in this dipolar liquid, thus increasing the energetic
cost of the process. Now, motivated by recent studies
unfolding the surprisingly rich dielectric properties of both
interfacial [53,54] and nanoconfined [4,5] water in com-
parison with the bulk, we set out to compute the (anisotropic)
dielectric properties of nanoconfined water within LJ walls.
The dielectric tensor for water in planar confinement is
diagonal with components ¢(z) and & | (z) dependent on the
distance z normal to the surface expressed [4] as

c(2)
EokBT ’

gz) =1+

(1)

-1 o CJ_(Z)

Y SN Vi )
C(,(Z) = <ma(Z)Ma> - <m(z(z)><Ma> and C, =
A f_LL/ 52 cqo(z)dz; here, M, is the total polarization of the
systefn, L, the simulation cell length along z, A = L,L,
is the lateral simulation box area, and a = 1,||. The
polarization density m(z) is computed using only
the dipole contributions since higher order multipole
moments have been shown to be negligible for the parallel
response of interfacial water [53,54], while for the
perpendicular profile we integrate the total charge density

asm, (z) = —f_ZLZ/Zp(z’)dz’.
Dielectric properties computed via such polarization
fluctuations require long simulations, which are readily

where
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accessible via force field MD. We employed the SPC/Fw
water model, which yields excellent & data of bulk water
[55], to compute &,(z) within the nanoconfined water
lamella for the different LJ and LJ, systems based on
50 ns NVT simulations. Moreover, we performed an NPT
run in a 256 bulk water system at 500 K and 20 MPa to
demonstrate the excellent agreement of the resulting
€sim ~ 31 with experiment [48], eg,, = 31.25.

The dielectric profiles of nanoconfined water (Fig. 5)
feature significant enhancements of the parallel response g
compared with the isotropic bulk value of %31 at 500 K and
20 MPa even in the case of the lamella with the lowest
density. Such a striking effect has already been seen at
ambient conditions for interfacial water at hard interfaces
[53], while for ambient water confined between soft
interfaces the effect is much smaller [4]. This enhancement
of &, apparently goes hand in hand with the favored self-
dissociation of water and thus a greatly enhanced ionic
product K, upon nanoconfinement as found in the reactive
ab initio molecular dynamics simulations of the LJ sys-
tems. On the other hand, the perpendicular response ¢, is
far more complex as already revealed for interfacial water
in other systems [4,53].

But could it be that what we ascribe to be a “nano-
confinement effect” is merely a “density effect” as a result
of overpressurizing water in the slit pore? Therefore, the
L3, slit pore model was constructed (see Sec. L.B in the
Supplemental Material [31]) to probe the putative scenario
that the NCW system could stabilize charged species
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FIG. 5. Parallel (g)) and inverse perpendicular (s]_l) dielectric
profiles for nanoconfined water within Lennard-Jones walls with
the same density as in the NCW system (LJ) and with the density
reduced to 80% and 65% of that value (LJyg, and Lljes,)

compared with £ and ¢! in bulk water.

simply via an increased average water density (which is
known to increase the isotropic dielectric constant [48] and
to lower the free energy barrier for H,O dissociation in
the homogeneous bulk limit [49]), rather than charge
stabilization being a nanoconfinement effect. As shown
by Fig. 3, even deliberately decreasing the density by as
much as 20% still leads to a lower free energy barrier for the
self-dissociation reaction in the nanoconfined L) g, system
compared with the Bulks, system. Only upon reducing the
average density by 35% is a similar free energy barrier
provided as the Bulksy, system according to the LJyss,
data. Probing the density response supports the finding that
the nanoconfinement of water in slit pores is key to
lowering the free energy barrier for H,O self-dissociation.

Last, but not least, we note that the effect disclosed
herein is phenomenologically consistent with the results of
our recent study of a set of complex chemical reactions in
nanoconfined water [28], where we observed stabilization
of various charged molecular reaction partners in nano-
confinement compared with the bulk regime.

In conclusion, the water self-dissociation reaction is
greatly favored when water is nanoconfined within hard
slit pores, such as those offered by layered materials
including minerals, compared with the isotropic bulk
regime and, therefore, leads to an increased ionic product
K, of water in nanometric spaces. This phenomenon,
which we show to be the consequence of nanoconfinement
as such, is unrelated to the observed changes of the dipole
moment of water molecules and thus is independent of the
altered polarity of the liquid in response to confinement.
The solvation structures of H"(aq) and OH™(aq) under
nanoconfinement conditions are moreover found to be very
similar to those in the homogeneous bulk environment. In
stark contrast, the disclosed effect does correlate with
prominent changes of the dielectric response tensor due
to nanoconfining water in a slit pore. However, the
quantitative relationship between the decrease of the free
energy barrier of this self-dissociation reaction, leading to
charged species that are solvated in nanoconfined water,
and the strongly varying parallel and perpendicular com-
ponents of the dielectric tensor remains yet to be estab-
lished. Clearly, future fundamental analytical work is
needed in order to work out this link, e.g., by expressing
the solvation free energy of charged molecular species in
nanoconfined water in terms of the anisotropic polarization
fluctuations, akin to what has been achieved recently [56]
for simple ions in isotropic bulk water, which might serve
as a reference.

Transcending the specific case, it is conceivable that the
same effect could be observed in other circumstances where
water is confined down to the nanometer scale. Indeed,
similar enhancements of the anisotropic dielectric response
have already been reported for instance inside carbon
nanotubes [57] or cylindrical nanopores [5]. It would not
be surprising that this phenomenon can have deep
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implications also for technological applications, such as the
recently observed unexpected behavior of charge transport
and current fluctuations in carbon nanotubes [9]. Apart
from that, we expect that nanoconfined dipolar liquids,
such as aqueous solutions in the first place, will offer a vast
playground for studying and possibly even tuning chemical
reactions by purely geometric means.
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