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Molecular dynamics (MD) computer simulations were performed for an aqueous film of 3 nm
thickness adsorbed at the (001) surface of ammonium-substituted muscovite mica. The results provide a detailed picture of the near-surface structure and topological characteristics of the interfacial
hydrogen bonding network. The effects of deuterium/hydrogen isotopic substitution in N(H/D)4 +
on the dynamics and consequently on the convergence of the structural properties have also been explored. Unlike many earlier simulations, a much larger surface area representing 72 crystallographic
unit cells was used, which allowed for a more realistic representation of the substrate surface with
a more disordered distribution of aluminium/silicon isomorphic substitutions in muscovite. The results clearly demonstrate that under ambient conditions both interfacial ammonium ions and the very
first layer of water molecules are H-bonded only to the basal surface of muscovite, but do not form
H-bonds with each other. As the distance from the surface increases, the H-bonds donated to the surface by both N(H/D)4 + and H2 O are gradually replaced by the H-bonds to the neighbouring water
molecules, with the ammonia ions experiencing one reorientational transition region, while the H2 O
molecules experiencing three such distinct consecutive transitions. The hydrated N(H/D)4 + ions adsorb almost exclusively as inner-sphere surface complexes with the preferential coordination to the
basal bridging oxygen atoms surrounding the aluminium/silicon substitutions.
Key words: Muscovite; Ammonium; Deuterium; Hydrogen Bonding; Molecular Dynamics; Isotopic
Substitution; Water Structure.

1. Introduction
Molecular scale understanding of mineral-water
interactions is crucial for many problems of geochemistry, environmental sciences, and materials sciences [1 – 5]. Adsorption of aqueous species on mineral surfaces often controls their distribution in both
natural and technological settings [6 – 10]. In particular, due to their strong ion adsorption capacity, deep
natural clayey formations are often considered as preferred sites for geological nuclear waste disposal and
storage. For the same reason, clays are a major component of engineered geochemical barriers for the containment of toxic wastes. The uptake of radionuclides
and other contaminants by layered clay minerals is the
principal retention mechanism limiting their mobility
in the repository environment.

The molecular-scale details of the interaction of
aqueous species with mineral surfaces are controlled,
on the one hand, by mineral substrate structure, composition and surface charge distribution [10, 11], and
on the other hand, by the presence of surface water
molecules which create local interfacial hydration environments significantly different from the bulk [12].
This clearly imposes the need to have better insights
into the structural and dynamic characteristics of the
interfacial hydrogen bonding networks [13].
In recent years, much attention has been paid to
the investigation of the molecular-scale physical properties of aqueous solutions on the surfaces of muscovite mica, KAl2 (Si3 Al)O10 (OH)2 , both by experimental [14 – 18] and computational molecular modelling [19 – 26] techniques. Due to its atomically
smooth surface after cleavage along the basal (001)
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crystallographic plane, mica is a preferred mineral substrate for many surface-related experimental studies,
and, at the same time, mica represents a good simplified model of clays, which typically have a similar layered crystal structure, being much more diverse compositionally, which complicates their direct molecular
simulation [27].
Recent advances in surface-specific experimental
techniques, such as sum frequency generation vibrational spectroscopy (SFG) [17], surface force apparatus (SFA) [28 – 30], Fourier transform infrared spectroscopy (FTIR) [18], and synchrotron X-ray reflectivity [1, 5, 9, 15, 16, 31] provide indispensable information on the structure of interfacial aqueous films. However, the results obtained from these experiments are
often difficult to interpret on the molecular scale to
quantify the underlying physico-chemical processes.
Concurrently, molecular computer simulations have
become one of the most important tools in the study
of such interfacial systems and phenomena by providing the atomistic information in many ways complementary to the experimental data. For instance, the results of Monte Carlo (MC) simulations by Park and
Sposito [23] and Malani and Ayappa [20] on the adsorption of water adjacent to muscovite mica are consistent with the X-ray reflectivity measurements [31].
On the other hand, molecular dynamics (MD) simulations by Wang et al. [12, 26] on the hydrated muscovite
(001) surface suggest the probable orientational ordering and the diffusive restriction of water molecules normal to the surface. Similar studies were performed by
Sakuma and Kawamura [24, 25] on the structure of
mica–water interfaces containing different surface exchanged cations. All these simulations were in good
agreement with available experimental observations.
It is important to emphasize that most of the experimental and molecular modelling results discussed
above considered either alkali metals or hydronium
ions as the charge compensating cations. The ammonium cation, NH4 + , represents an additional interesting species in this respect. It is known from earlier studies that most of the nitrogen present in the
Earth’s crust is stored in minerals in the molecular form
of ammonium. This ion has a comparable ionic size
with K+ and can easily substitute for K+ in the muscovite mica and other K-bearing phyllosilicates [32].
Ammonium is an important cationic functional group
present in many polymers and other organic molecules,
which is responsible for their strong interactions with

clays and clay-related mineral surfaces [27, 33] and for
the formation of many useful organo-inorganic nanocomposites for diverse technological and environmental applications.
From a more fundamental standpoint, the NH4 + ion
represents an extremely interesting molecular probe of
the structure, dynamics, and topology of the hydrogen
bonding network at the mineral–solution interface. Indeed, H2 O molecules can donate approximately two
hydrogen bonds to the neighbouring H-bond acceptors
(typically to oxygen atoms of the substrate surface or
to other H2 O molecules) and can accept two H-bonds
from other molecules [13]. The hydronium H3 O+ ions,
which are often assumed to be significantly displacing
the K+ ions at the mica surface [31, 34], can donate
three H-bonds, but usually accept none. This creates
a defect in the interfacial H-bonding network. On the
other hand, NH4 + ions can only donate four H-bonds,
but cannot serve as acceptors. Thus, the presence of
ammonium at the surface could alter the structure and
dynamics of the interfacial H-bonding network in ways
different from the effects of H2 O and H3 O+ . The exchange of hydrogen with deuterium (NH4 + to ND4 + )
can lead to different dynamic effects on the local Hbonding network topology and reorganization.
The main objective of the present study is to use
molecular dynamics computer simulations for quantitative characterization of the local structural environments of ammonium ions and water molecules at
the hydrated surface of muscovite, the topology of the
interfacial hydrogen bonding network and its dependence on the distance from the surface, and the possible effects of the deuterium/hydrogen isotopic substitution in ammonia ions on their adsorption mechanisms at the muscovite surface.
2. Simulation Methods and Analysis
Muscovite mica is a 2 : 1 layered aluminosilicate
with the unit cell formula KAl2 (Si3 Al)O10 (OH)2 . Its
structure consists of so-called TOT layers (a dioctahedral layer of aluminium hydroxide sandwiched between two layers of [SiO4 ] tetrahedra linked together
in 6-member rings) stacked along the crystallographic
z-direction. One out of four silicon atoms in the tetrahedral layers is substituted by aluminium. This isomorphic Al/Si substitution results in a net negative
layer charge that is compensated by the presence of
interlayer K+ ions. The aluminium substitutions in the
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Fig. 1 (colour online). (a) Schematic representation of the hydrated N(H/D)4 + -muscovite surface. (b) Distribution of the
aluminium tetrahedral sites and the ammonia ions on the hydrated muscovite surface: Si – yellow sticks, O – red sticks, Al –
green balls, N – blue balls, and (H/D) – white balls. For clarity, only one tetrahedral layer is shown and all H2 O molecules
have been shaded.
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tetrahedral layer obey Lowenstein’s rule, which avoids
the Al–O–Al linkages [35]. All interlayer K+ ions are
located at the center between the two TOT layers. In
contrast to many earlier simulations, we have created a
larger simulation cell, which consisted of 12 × 6 crystallographic unit cells of muscovite with the total lateral dimensions of Lx = 62.42 Å and Ly = 54.14 Å.
This allowed to represent the layer charge distribution in muscovite more realistically than it was previously possible. In particular, special care was taken
to place all aluminium/silicon substitutions randomly
within the tetrahedral layer, and a careful investigation
was performed to ensure that these random distributions of Al-substituted sites do not lead to any distortions in the aluminium octahedral layer.
The tetrahedral layer consists of connected hexagonal rings with Si4 Al2 and Si5 Al1 compositions. The
six basal oxygen atoms bridging silicon and aluminium
atoms of the same hexagonal ring are in the vertices
of the two equilateral triangles and are responsible for
the formation of ditrigonal cavities in the mica surface.
The local differences of the charge distribution around
a substituted aluminium site were taken into account
by using the clay force field (CLAYFF) [36], where
the bridging oxygen atoms in the Al–O–Si linkages
(Obts ) bear ∼ 11% more negative charge than the normal bridging oxygens in Si–O–Si (Ob ).
In our N(H/D)4 + -muscovite models, all interlayer
+
K ions were replaced by N(H/D)4 + . The model
N(H/D)4 + exchanged muscovite surface was built by
cleaving the muscovite structure along the (001) plane
at the middle of the interlayer space. After cleavage,
each surface retains half of the interlayer N(H/D)4 +
ions. The simulation cell consists of two muscovite
TOT layers of a total thickness ∼ 20 Å separated from
the subsequent layers through a cleavage along the
plane of the interlayer N(H/D)4 + ions and pulling
apart the cleaved surface to ∼ 96 Å. This separation effectively eliminates the influence of one hydrated interface on another within the three-dimensional periodic

boundary conditions that were applied in all simulations. As a result of the cleavage, each of the two external surfaces of muscovite retained the ion coverage
of one N(H/D)4 + per unit cell area, compared with the
usual bulk concentration of two N(H/D)4 + /Auc in the
interlayer of muscovite. A schematic representation of
the simulation cell is shown in Figure 1.
Periodic boxes with identical lateral dimensions
containing H2 O molecules at bulk liquid water density of 1.0 g/cm3 were equilibrated in separate MD
simulations and then inserted between the muscovite
layers in contact with the surface. The number of water molecules on the surface characterizes the thickness
of the interfacial water film, which can also be quantified as the coverage factor θ , i. e., the ratio of the total
number of H2 O molecules in the surface water film to
the number of bridging oxygen atoms on the basal surface of muscovite [18]. The system analyzed in this
study was prepared with θ = 7.1 and represented a
relatively thick water film, where both the interfacial
features of the structure and the bulk-water behaviour
emerging beyond θ ∼ 3 – 4 are well observed. Since
the aluminium/silicon substitution in the tetrahedral
layers were completely random, the N(H/D)4 + ions at
the basal surface were initially pulled away to a distance ∼ 5 – 7 Å above the surface into the aqueous solution and allowed to assume their preferred interfacial
positions in the preliminary MD equilibration runs.
MD simulations were performed in the canonical
NVT statistical ensemble (constant number N of atoms,
constant volume V , and constant temperature T ) at T =
300 K. The CLAYFF forcefield [36], which incorporates the simple point charge (SPC) water model [37],
was used to calculate the energies of all interatomic
interactions in the system. The intermolecular interaction parameters for the ammonium ion, N(H/D)4 + ,
consistent with the SPC water model, were obtained
from the literature [38]. They have already been examined extensively in the simulations of aqueous and biomolecular systems [38, 39]. The partial atomic charges

Table 1. Potential parameters for ammonium ion.
Electrostatics

Stretching
Bending

Elements
Nitrogen
Hydrogen/Deuterium
Bonded Elements
N–(H/D)
Bending Elements
(H/D)–N–(H/D)

Partial Charge
−0.35|e|
0.40|e|
Bond length [Å]
1.003
Bond Angle [◦ ]
109.47◦

Kb [kcal/mol A2 ]
403.0
Kθ [kcal/mol rad2 ]
44.0
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and the intramolecular interaction parameters for ammonia used in our simulations are presented in Table 1.
A cutoff distance of 20 Å was applied for the short
range interactions, and the Ewald summation technique was used to account for the long range electrostatic interactions. A time step of 1 fs was employed to
integrate the equations of atomic motion, and the system was carefully equilibrated in a preliminary 1000 ps
MD run, before the equlilibrium MD trajectory was
generated for further statistical analysis. The structural
properties were calculated from the outputs that were
recorded every 10 fs for that last 1000 ps part of the
MD trajectory.
Near-surface structural details of the aqueous film
were obtained by calculating the atomic density profiles for all atom types present in the simulation along
the direction normal to the muscovite surface. The average positions of the bridging oxygens (Ob and Obts )
of the muscovite basal surface were computed and the
plane corresponding to the average was considered as
origin (z = 0) for the calculation of the atomic density
profiles.
The structural and dynamical properties of all aqueous surface species are strongly influenced by the hydrogen bonding environment in the interfacial region,
particularly by the H-bond formations between the adsorbates and the substrate surface. To quantify the parameters of the interfacial H-bonding network, we analyzed the instantaneous and time-averaged numbers
of H-bonds that are either accepted or donated by
both water molecules and ammonium ions at the interface. In addition, an analysis of the total fraction
of H-bonds associated with each N(H/D)4 + ion and
H2 O molecule was performed. Following earlier work
on the muscovite-water simulations [13, 26], we applied here the commonly used geometric criteria of Hbonding by which a hydrogen bond is established between any pairs of molecules if the intermolecular O· ·
·H distance is less than 2.45 Å and the angle β between
the O· · ·O and O–H vectors is less than 30◦ . The nitrogen atoms of ammonia and the oxygen atoms of the
muscovite surface are accounted here as potential Hbond acceptors in exactly the same way as the oxygens
of H2 O. Similarly, the hydrogen (or deuterium) atoms
of the N(H/D)4 + ions are treated as potential H-bond
donors in exactly the same way as hydrogen of H2 O.
In order to quantify the influence of the two different
types of surface bridging oxygens (Ob and Obts ) on the
coordination of H2 O and N(H/D)4 + at the interface,
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we have studied their interaction separately. The hydration structure of NH4 + (and ND4 + for completeness’
sake) ions was also characterized by calculations of the
atom-atom radial distribution functions (RDF), and the
corresponding running coordination numbers (RCN).
3. Results and Discussion
3.1. Surface Density Profiles
Atomic density profiles for the adsorbed H2 O
molecules and N(H/D)4 + ions normal to the muscovite surface characterize the preferred positions and
orientations assumed by these species at the interface
(Fig. 2). They also illustrate to what degree the aqueous layer formation is influenced by the presence of
randomly and uniformly distributed tetrahedral substitution sites on the muscovite surface.
It is clear from Figure 2 that the distribution of nitrogen in the NH4 + and ND4 + systems (yellow solid
and dashed lines, respectively) are, as they must be,
very similar with the first peak maxima located at
1.45 Å away from the surface, with a minor contribution to the atomic density at distances between 2 – 3 Å.
The shapes and positions of H (NH4 + ) and D (ND4 + )
atomic density peaks (pink solid and dashed lines, respectively) are again similar to each other with the
distributions having two peaks centered at 0.9 Å and

Fig. 2 (colour online). Atomic density profiles of the aqueous
species at the muscovite surface. Solid lines – NH4 + system,
dashed lines – ND4 + system. The zero position is defined
as the average z-coordinate of the surface bridging oxygen
atoms (light blue). The other atoms are color coded as: N
(ammonia) – orange, H/D (ammonia) – pink, O (water) – maroon, H (water) – green.
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2.3 Å. In addition, a significantly broader and asymmetric lower density distribution is observed at larger
distances ranging between 2.8 – 3.7 Å. This shoulder
is clearly correlated with the similar shoulder in the
nitrogen distribution above. The integral intensity of
the first peak for both hydrogen and deuterium distributions is more than twice higher in magnitude than
the peak intensity of the nitrogen of N(H/D)4 + . On
the other hand, the integral intensity of the second
peak for both hydrogen and deuterium of N(H/D)4 + is
slightly greater than the peak intensity of the nitrogen
of N(H/D)4 + . Taken together, these comparisons confirm that, at least in this respect, the sampling of our
trajectory is fully sufficient [40] and that the conclusions are thus reliable: nearly three out of four hydrogens (or deuteriums) of the ammonia ions are strongly
coordinated with the surface oxygens and the fourth
one is pointing away from the surface and is coordinated with the water molecules at the interfacial region.
The density distribution of OH2 O clearly reveals five
distinct positions of the water molecules at distances
centered at 1.8, 2.7, 3.8, 5.4, and 6.2 Å away from
the muscovite surface (maroon solid and dashed lines,
respectively). Meanwhile, the density distribution of
HH2 O clearly shows five peak maxima at distances
1.6, 3.2, 4.3, 5.8, and 6.6 Å away from the surface
(green solid and dashed lines, respectively). In addition, a small shoulder is also noticeable close to the
surface at 1.1 Å. It is evident from the distributions
that the water molecules belonging to the first peak of
the OH2 O density distribution at 1.8 Å are associated
with the plane of the surface N(H/D)4 + ions and exhibit correlations only with the surface bridging oxygen atoms (Ob and Obts ), but not with the ions. The
intensity of the shoulder near 1.1 Å seen in the HH2 O
density distribution is larger by a factor of two than the
integral intensity of the first peak of OH2 O , clearly indicating that both hydrogen atoms of this small fraction
of the interfacial water molecules are coordinated with
the surface.
At the same time, the distance between the second
peak of OH2 O and first peak of HH2 O is about 1 Å
(i. e., close to the intramolecular O–H bond length),
and the integral peak intensities for both distributions
are highly similar. This allows us to conclude that the
water molecules contributing to these peaks are oriented in such a way that they donate one H-bond to
the muscovite surface, while the other H-bond is donated to the water molecules located above them (the

HH2 O peak at 3.2 Å; green lines in Fig. 2). At larger
distances from the surface, the atomic density profiles
for both OH2 O and HH2 O are gradually approaching the
bulk water density distributions.
The density distributions of OH2 O also compare
well with the X-ray reflectivity measurements [31].
Even though the experiments were performed with K+
ions at the basal surface of muscovite, such a comparison is still quite meaningful, because the ionic
radia of K+ and NH4 + are very similar [41, 42].
The congruence with the experimental distribution has
been attributed to the predominant role played by the
basal surface bridging oxygen atoms on the mica surface [19]. Our atomic density profiles are also in generally good agreement with the results of earlier simulations [20, 23, 24, 26], and any discrepancies could
be attributed to the random distribution of the surface
cations and isomorphic aluminium substitution at the
tetrahedral layer, compared to the more ordered distributions assumed in the earlier studies.
3.2. Local Hydration Structure and the Surface
Hydrogen Bonding Network
The ammonium ions and their deuterated analogues
located at the muscovite–water interface are always
strongly coordinated by the H2 O molecules, as it is
clearly evident from the atom–atom RDFs and the
corresponding coordination numbers (CN) presented
in Figure 3. At first glance, the oxygen–nitrogen RDFs
look very much like the ones obtained from the simulations of ammonia hydration in a bulk aqueous solution [38]. However, the number of water molecules
in the first hydration sphere of the surface ammonia
(defined by the 3.55 Å position of the first minimum
of the RDF) is approximately four times lower than
in the bulk: 1.5 and 5.9 [38], respectively. This can
be attributed to the strong coordination of the surface N(H/D)4 + ions to the muscovite surface by their
three hydrogens, thus leaving only one hydrogen to
the coordination with water in the first hydration shell.
These H2 O molecules are contributing to the second
and third peaks of the OH2 O density profiles in Figure 2 and are not necessarily H-bonded to the ammonia ions. The RDFs and CNs calculated between
the hydrogen/deuterium of the surface ammonia ions
and the oxygens of water (Fig. 3b) confirm this interpretation. The first RDF peak at 1.8 Å is due to the
H-bonded neighbours, and its integration gives a coor-
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dination number of about 0.37, again indicating that,
on average, only one out of four hydrogens of the surface N(H/D)4 + ions donates an H-bond to the neighbouring H2 O.
In the interfacial region, a well-interconnected hydrogen bonding network is formed by the H-bonds donated by the N(H/D)4 + ions and H2 O molecules to the
basal surface of muscovite and by H-bonds donated to
the other H2 O molecules. Hence, it is very instructive
to quantitatively investigate the evolution of the local
H-bonding environment experienced by the interfacial
aqueous species as a function of the distance from the
muscovite surface, as represented in Figures 4 and 5.
As above, also here, within the statistical uncertainty
of our calculations, we observe no significant effect of

Fig. 3 (colour online). Radial distribution functions and running coordination numbers for: (a) O of water and N of ammonia; (b) O of water and (H/D) of ammonia. Red and blue
lines – NH4 + system, black solid and dashed lines – ND4 +
system.
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the isotopic substitution on the interfacial structure of
the N(H/D)4 + ions and the hydration water molecules
(e. g., compare solid and dashed lines of the same color
on Figs. 2, 4, and 5), which gives us trust also in these
conclusions.
3.3. H-Bonding Environment of the Surface Ammonia
Ions
The average total number of H-bonds experienced
by a N(H/D)4 + ion varies between 3.3 to 4 in the entire interfacial region (yellow lines in Fig. 4a). This

Fig. 4 (colour online). Distribution of hydrogen bonds
formed by ammonia ions at the hydrated muscovite surface.
(a) Average number of bonds donated to H2 O molecules
(red), donated to surface Obts atoms (blue), donated to surface Ob atoms (green), total (dark yellow). (b) Fractions of
surface ammonia ions having, on average, 1 H-bond (black),
2 H-bonds (red), 3 H-bonds (green), 4 H-bonds (dark blue),
and 5 H-bonds (light blue). Solid lines – NH4 + system,
dashed lines – ND4 + system.
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value is close to the bulk ammonia hydration [38] and
indicates that all four of the ammonia hydrogens are
involved in donating H-bonds most of the time. However, the nature of these H-bonds in our case is strongly
dependent on the distance from the muscovite surface. Most closely to the surface, approximately two Hbonds are donated to the surface Obts atoms surrounding the aluminium/silicon substitution (blue lines in
Fig. 4a) and only one H-bond is donated to the regular bridging oxygens Ob (green lines in Fig. 4a). The

Fig. 5 (colour online). Distribution of hydrogen bonds
formed by H2 O molecules at the hydrated ammonia–
muscovite surface. (a) Average number of bonds donated
to other H2 O molecules (red), accepted from other H2 O
molecules (black), donated to surface Ob atoms (green), donated to surface Obts atoms (blue), accepted from ammonia
ions (light blue), total (dark yellow). (b) Fractions of surface
H2 O molecules having, on average, 1 H-bond (black), 2 Hbonds (red), 3 H-bonds (green), 4 H-bonds (dark blue), and
5 H-bonds (light blue). Solid lines – NH4 + system, dashed
lines – ND4 + system.

former bonds are somewhat stronger and energetically
more favourable than the latter ones since the Obts
bears a more negative charge than the Ob . The fourth
H-bond of N(H/D)4 + is donated to a water molecule
right above the ion (red lines in Fig. 4a). Consequently,
at distances very close to the muscovite surface over
80% of all N(H/D)4 + ions form, on average, four Hbonds, while the rest are in a three-bonded configuration; the contribution of two-bonded and one-bonded
configurations is nearly negligible.
As the separation from the muscovite surface increases, the H-bonding coordination of the N(H/D)4 +
ions to water molecules increases at the expense of
their coordination to both types of the surface bridging
oxygen atoms. At distances 2 Å away from the surface,
the N(H/D)4 + ion already donates 1.6 H-bonds to the
neighbouring H2 O molecules and only 1.3 H-bonds to
Obts and 0.7 H-bonds to Ob (Fig. 4a). This evolution
of the N(H/D)4 + ion’s local H-bonding environment
decreases the fraction of four-bonded species on the
surface from 80% – 50% and enhances the fraction of
three-bonded species to 35% (Fig. 4b). As the ion–
surface separation increases beyond 2 Å, where a flat
density distribution is observed (see Fig. 2), N(H/D)4 +
ion donates only one H-bond to the Obts surface oxygen and its coordination to water molecules increases
to three H-bonds at the expense of Ob basal oxygen
coordination. This indicates that the small fraction of
the ammonium ions present at such larger separations
assume an inverted orientation with only one H atom
pointing towards the surface. In this relatively stable configuration, the fraction of the four-bonded ions
again becomes dominant in the system (65%).
However, it is interesting to note that the narrow range of ion–surface separations between 2.1 and
2.4 Å can be considered as an unstable transition region, where the N(H/D)4 + ions lose their H-bonds
to the surface but cannot yet form relatively stable
new H-bonds to the H2 O molecules. Consequently, the
fraction of four-bonded species at these separations
decreases quite dramatically in favour of the threebonded and two-bonded species, decreasing the average total number of H-bonds to a minimum of 3.2. As
the result of this ‘under-bonding’, one should also expect some increase in the positional and orientational
mobility of the N(H/D)4 + ions in this transition layer
of the aqueous film on ammonia–muscovite.
It is also equally important to note that only a statistically negligible fraction of the ions was observed
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as capable of fully escaping the surface and assuming
a completely hydrated configuration as an outer-sphere
surface complex coordinated to four H2 O molecules.
3.4. H-Bonding Environment of the Interfacial
Surface Water Molecules
It is clearly apparent from the MD simulations that
the average number of H-bonds per H2 O molecule decreases from four in the near-surface region to 3.5 at
distances greater than 6 Å from the muscovite surface
(Fig. 5a). This latter value is close to the average Hbonding configuration of H2 O molecules in bulk liquid water [13, 26]. At these distances, an equivalent
balance between the average numbers of accepted and
donated H-bonds formed by each water molecule is
also established, because away from the surface they
only form H-bonds among themselves (Fig. 5b). However, the near-surface H2 O molecules contributing to
the first peak of the oxygen density profile (see Fig. 2),
on average, donate two H-bonds to basal oxygens (1.5
to Obts and 0.5 to Ob ) and accept two H-bonds from
the other water molecules resulting in the total number of H-bonds approaching four. Despite the resemblance with the ice-like H-bonding coordination, the
water molecules in this group exhibit different types of
H-bonding topology: about 50% – 60% of them participate, on average, in four H-bonds, while 30% – 45%
participate in three H-bonds, and the fraction of ‘overbonded’ five-coordinated molecules is as high as 20%.
The water molecules contributing to the first peak of
the OH2 O density profile on Figure 2 do not form Hbonds with the interfacial N(H/D)4 + ions and coordinate only to the basal surface of muscovite.
As the distance from the surface increases, the water
molecules contributing to the second peak of OH2 O
density profiles have a significant but fluctuating coordination to the basal oxygen atoms of both types
(Obts and Ob ). These H2 O molecules, on average, accept ∼2 H-bonds and donate one H-bond to other
water molecules, amounting to the total of 3.5 H-bonds
per molecule, out of which 35% – 50% are found in
four-bonded and three-bonded configurations whereas
5% – 10% represent two-bonded and five-bonded
species each (Fig. 5). The water molecules contributing to the third peak of OH2 O density profiles donate,
on average, 1.5 – 1.7 H-bonds to other H2 O molecules,
accept 1.0 – 1.5 H-bonds from other H2 O molecules
and accept 0.5 H-bond from the interfacial N(H/D)4 +
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ions. Overall, this amounts to 3.3 H-bonds per water
molecule out of which 30% – 40% represent fourbonded species, 40% – 50% – three-bonded species,
20% – 30% – two-bonded species, and the fraction of
one-bonded species reaches its maximum of 5%.
Thus, there are three unstable transition regions
in the coordination of interfacial water molecules as
a function of their distance from the surface. In the
range between 2.0 and 2.5 Å they, on average, lose one
of their H-bonds to the surface, which requires their reorientation and also results in the local minimum of the
total number of H-bonds per molecule (Fig. 5a) and the
dominance of the three-bonded species (Fig. 5b). In the
second such transition layer, approximately between
2.8 and 3.6 Å, the water molecules lose their second
H-bond to the surface, which again requires their reorientation and results in the global minimum of the
total number of H-bonds per molecule ∼ 3.0 (Fig. 5a)
and the significant decrease of the fraction of the most
favorably coordinated four-bonded species (Fig. 5b).
In this range of surface separations, the H2 O molecules
are becoming more actively involved in the hydration
of the interfacial N(H/D)4 + ions, while the final loss
of their coordination to the ammonia ions at distances
∼ 4.6 – 5.4 Å from the surface corresponds to the third
transition layer after which the H2 O molecules form
H-bonds only with each other.
4. Conclusions
Molecular dynamics simulations of the structural
and hydrogen-bonding properties of N(H/D)4 + ions
and water molecules adsorbed on the (001) surface of
muscovite mica show that under ambient conditions,
both the N(H/D)4 + ions and the very first molecular layer of H2 O form H-bonds only with the basal
surface of muscovite, but not with each other. At distances very close to the surface, the N(H/D)4 + ions
donate three H-bonds to the surface bridging oxygens
and one to the water molecules above them, whereas
the water molecules nearest to the surface also donate both their hydrogens to H-bonds with the surface
bridging oxygens and accept two H-bonds from other
water molecules above them. As the distance from the
surface increases, the H-bonds with the surface of both
N(H/D)4 + and H2 O are gradually replaced by the Hbonds to the neighbouring water molecules, with the
ammonia ions experiencing one reorientational transition region, while the H2 O molecules experiencing
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three such consecutive transitions. The structural results obtained from our simulations are consistent with
the experimental IR studies of NH4 + -bearing clay minerals [43]. The variation of the masses of some particles (H/D) shows that our structural quantities are well
converged. Isotope effects are of course expected in the
vibrational, re-orientational, and diffusional mobility
of the surface species, which be the subject of further
studies.
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