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35 Abstract

Calcite-fluid interface plays a central role in geochemical, synthetic and biological
39 crystal growth. The ionic nature of calcite surface can modify the fluid-solid interaction,
41 the fluid properties under spatial confinement and can also influence the adsorption of
43 chemical species. We investigate the structure of solvent and ions (Na, Cl and Ca), at
45 calcite-aqueous solution interface under confinement, and how such environment modify
47 the water properties. To properly investigate the system, molecular dynamics simula-
49 tions were employed to analyze the hydrogen bond network and to calculate NMR
relaxation times. Here, we provide a new insight with additional atomistically detailed
analysis by relating the topology of the hydrogen bond network with the dynamical
54 properties in nanoconfinement interfaces. We have shown that the strong geometrical
56 constrains and the presence of ions, do influence the hydrogen bond network, resulting
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in more extended geodesic paths. Hydrogen bond branches connect low to high dynam-
ics molecules across the pore and hence may explain the glue-like mechanical properties
observed in confinement environment. Moreover, we showed that the surface water ob-
served at calcite interface is characterized by slow transversal spin relaxation time (T2)
and highly coordinated water molecules. The physical and electrostatic barrier emerged
from the epitaxial ordering of water result in a particular ionic distribution which can
prevent the direct adsorption of a variety of chemical species. The implications of our
results delineate important contributions to the current understanding of crystallization

and biomineralization processes.

Introduction

Phase transition anomalies! and formation of ice-like structures? are some examples of a
variety of phenomena which can emerge in nanoscopic environments with water at or near
a solid interface. Investigating water properties under such conditions is essential to un-
derstand the underlying porous media mechanisms in geochemical, synthetic and biological
crystal growth3. Such processes often occur with water at some salt concentration, and
currently, the structure of solvent and ions at solid-solution interfaces, as well as, the effect
of ions on water properties under confinement and its implications on the processes involved
in this kind of systems are poorly understood?.

Previous studies explored the effect of spatial confinement on the hydrogen bond network
and the dynamics based solely on pure water®®. According to Dore”, water in a confined
geometry shows significant modification on its hydrogen bond structure in comparison to
the bulk phase. The author showed by neutron diffraction spectroscopy, the formation of
an extended hydrogen bonded network similar to that observed in amorphous ice. Different
experimental techniques revealed that the water viscosity increases and the diffusion coeffi-
cient decreases®!?. The slowdown of water dynamics confined by narrow hydrophilic walls
is a common feature in these systems.
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On the other hand, the role of salt ions on water structure and dynamics has been widely
explored ™4, Both experimental and theoretical studies describe the effect of ions on the
hydrogen bond network in terms of making and breaking capability!?, i.e, certain type of
ions break and others make hydrogen bonds. The effects of ions on the hydrogen bond
network translate to changes in water viscosity according to these works. Furthermore, some
studies indicate that electrolyte aqueous solutions have similar effect as pressure on the water
hydrogen bond network 4.

Few authors have drawn together some aspects of the complexity found in a system
which involve the effects of ions, solid surface interface and nanoconfinement on water prop-
erties’® 2! but many knowledge gaps still remain. Currently, it is difficult to separate these
individual contributions by experimental techniques. The progress achieved so far in this
research field can be expanded or complemented by computational simulation through an
atomistic perspective, contributing to a predictive understanding of some important aspects
involved in crystallization process.

In this article, we report the results of a systematic study performed with the aim of
bringing a new insight about the effect of ions on the structure and dynamics of water under
spatial confinement retained by calcite (CaCQOs) pores. The complexity found in the sys-
tem required the adoption of an original approach carried out to properly understand these
important aspects arising in the porous media. It was achieved by combining molecular dy-
namics simulations with hydrogen bond network analysis based on graph theory and Nuclear
Magnetic Resonance (NMR) modeling. We were able to properly isolate the contributions of
the ions, surface and confinement on the network structure of hydrogen bonds and to relate
it with the dynamical properties accessed by the transverse spin relaxation time analysis.
Measurements of the ! H transverse relaxation times (T3) enable definite assignment of water
protons of different mobilities to the observed diffusion processes and, hence, can be used to
identify structural changes in porous minerals. Furthermore, the water branch aspect seen

from a new perspective based on graph geodesic analysis revealed the formation of more ex-
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tended hydrogen bond geodesic paths under extreme confinement and salt ions. Substantial
amount of water branches formed by continuous hydrogen bonds cross the pore and connect
low to high dynamics molecules under extreme confinement. The response on water dynam-
ics was observed on the transverse spin relaxation indicating an overall slowdown diffusion.
We also highlight the observation of an electrostatic and physical barrier near the calcite sur-
face due to the epitaxial water. The ice-like resembling structure is characterized by slow Ty
and with prevalence of highly coordinated water molecules. The spatially alternated electro-
static potential resulting from high ordering of water dictates the ionic distribution inside the
pores, thus reducing the probability of desolvating and attaching of foreign chemical species.
This may have significant implications and can contribute to the current understanding of
the crystallization and biomineralization processes. We discuss the physical indications and

potential significance of our results on crystal growth and dissolution processes.

Methods

Molecular dynamics

The classical molecular dynamics simulations were performed using the large atomic mas-
sively parallel simulator (LAMMPS)?? package. The calculations were performed in the
NPT ensemble with an anisotropic barostat for the thermodynamic equilibration at 300 K
and 1 atm, following by a NVT production run for 5 ns with a time step of 0.5 fs. Temper-
ature and pressure were controlled based on the Nosé-Hoover methods?*?4. In addition, the
non-bonded pair interactions are truncated at a cutoff distance of 9 A and the long-range
electrostatic interactions were solved by the PPPM?2% method. The number of ions and water
molecules inside each investigated pore were specified in Table S1.

To describe the inter atomic interactions, we used the force field developed by Raiteri et
al.?%27 for a calcite-water interface. This force field allows for flexibility of the carbonate ion

and the water molecules are described by the SPC-Fw model®®. To account for the interac-
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tions of sodium and chlorine ions in API-brine, we employed parameters from Grossman et

26,27

al.?? work. The Ca-O,, parameter obtained by Raiteri and co-workers is used here to

describe its interaction with water.

NMR modeling

The self-diffusion coefficient D — a measure of the rate of displacement of water molecules
from their equilibrium position — was calculated from the mean square displacement Einstein

relation?’;

t—o00 6t

where r(t) is the position vector of the water molecule center of mass at time ¢. The angular
brackets denote an average over time origins and all water molecules. Within the layers,
parallel self-diffusion coefficient D) in each layer is given by:

Dy((:)) = pim S 2)

where {z} represents the set of molecules that remain in the slab centered at a distance z
from the surfaces during the interval [0, ¢']. P(¢) is the survival probability function (P(t) =
1/T 3.1 N(t)/N(0)) which relates the number of molecules N(t) which remain in the slab
in the time interval [0, ] to the number of molecules N(0) which were present at the initial
time ¢t = 0. T is the total number of time steps averaged over.

For the rotational dynamics, we investigate the HH intramolecular vector reorientation
which is probed by proton NMR in HyO experiments®'. The rotational correlation time
was obtained by fitting the autocorrelation function Cyg(t) (second order Legendre poly-
nomial) to a a stretched exponential function age™(*/ 7)” for the confined water and a simple
exponential function age™*") for the bulk system.

The theoretical calculation of the transverse (T2) spin relaxation is based on a semiclas-
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sical theory developed by Bloembergen, Purcell and Pound (BPP)32. According to BPP
theory, the transverse NMR relaxation rate of a system involving relaxation of the same
nuclear species is given as:

T% - g(%) YRAI(I +1)[J(0) + 10] (w) + J(2w)] (3)

where, v, h and [ are the gyromagnetic ratio, Planck’s constant and spin of the diffusing
spins, respectively. p is the permeability of free space and w is the Larmor frequency in the
applied static field. The spectral density function J(w) is obtained from Fourier transform
of the correlation function G(t):

Gt) = (Bl (4)

3
ToT

where, ¢ is the angle between the water molecule HH vectors ro and r at the initial and later
time, respectively. Ps(cos¢) = 3(3cos? ¢ — 1) is a Legendre polynomial averaged over the
number of spins and time origins. The pore radius dependence of the T spin relaxation is
calculated based on the fast-exchange model®334. In this model, the fluid confined in a pore
has two distinct phases: a bulk phase, which has the same relaxation properties as the bulk

liquid and a surface phase whose relaxation rate is greatly affected.

Results

Our calcite pore model is based on the crystalline structure with rhombohedral morphol-
ogy obtained from the crystallographic data published by Markgraph and Reeder®. This
structure was cleaved to expose the [1014] surface, due to its major stability®¢3%. The slit
geometry is the simplest representation of a pore and it allows to investigate spatial con-
finement effects by progressively varying the surface-surface distance (see Figure Sla). We

considered pore sizes ranging from 6 to 1 nm to systematically investigate the confinement ef-
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fects emerging in brine within nanoscopic environments. We adopt the American Petroleum

Institute (API) brine model which is constituted by 8 wt% of NaCl and 2 wt% of CaCls.

Brine structure within calcite slit pores

PACKMOL?® package was used to add water molecules randomly within the slit pores at

3. Tons were then inserted by randomly substituting water molecules.

a density of 1 g/cm
In addition, ions were only included in the pore center, preserving each hydration shell,
thus avoiding their spurious presence near the surfaces trapped in local minima“®. After
the system reached thermodynamic equilibrium under fully atomistic molecular dynamics
simulations, it was observed that water molecules are structured in layers near the solid

52141 (see Figures la—d).

surface interface, similar to the ones observed in pure water system
Under ambient conditions, an adsorbed region is always present at hydrophilic surfaces and it
is attributed to the strong interaction between water and calcite. According to our previous
work® and in agreement with experimental results??, the water density profile exhibits three
distinguishable peaks, approximating bulk values beyond 8.0 A from the calcite surface.
Water molecules belonging to layers 1 and 2 (Figures la—d) interact directly with the calcite
surface®, and therefore, they constitute the surface or adsorption layer. Inside layer 3 are
water molecules disconnected with calcite surface, but their density is affected by the ordering
of surface layer and the ionic steric effect. Calcite systems with slit pore sizes ranging from
6 to 2 nm display similar density profiles as shown in Figure 1la. However, the system with 1
nm pore size (Figure 1c) has an overlap of right and left side density profiles due to extreme
confinement, resulting in differences — with respect to the other investigated systems —
only in the density of layer 3 and the pore center, thus leaving layers 1 and 2 unaltered. Our
layered analysis following this work is based on the water structuring observed in the density
profile. Additional layers (layers 4, 5 and 6), separated by 5.0 A as depicted in Figures la
and 1b, were considered to investigate systematically the effect of confinement.

Besides the water molecule positions, the calcite hydrophilicity also determine the water
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dipole moment orientation with respect to the surface normal vector (see Figures 1b and
1d). This is observed mainly on water molecules belonging to the surface layer, since they
interact directly with calcite surface. Some water molecules are linked to a surface calcium
via their oxygen atoms, while other ones form a hydrogen bond with the calcite surface
oxygen atoms, resulting in preferential orientation angles*®. All investigated systems show
similar dipole moment distributions for the surface layer. The ordering of water molecules
revealed by dipole moment orientation analysis starts disappearing inside layer 3 and reach
bulk-like behavior beyond 8.0 A from the calcite surface. These results are similar to the
ones observed in pure water under the same conditions®, showing that the investigated
ions preserve the layered aspect of the water density profile and the dipole moment angle
distribution.

Layered distribution appear also in the Cl~ and Na't density profiles (Figure 1la), but
according to our observation, the mechanism which explain this behavior is different from
the one used to describe the epitaxial ordering of water. Although our pore model is charge
neutral, the calcite surface show strong local variation of charge due to the alternate arrange-
ments between their ionic groups?!. Water ordering in well defined layers and orientations

2141 (see Figure 2a), leading to

creates an alternation of positive and negative excess charge
an electrostatic potential profile as shown in Figure 1b (white line). Consequently, the ions
are not structured by layers directly due to the ionic nature of the surface, as one could
intuitively expect, but due to the electrostatic potential arising from water structuring. In
practice, the positions of the regions with larger charge density exhibited by Na®™ (Cl7)
ions (see Figures 2b and 2c¢) do not correspond to the negative (positive) charge exhibited
by the CO3~(Ca2*) group on calcite surface along the y axis, but it is associated with the
accumulation region of negative (positive) charge observed on the two-dimensional density
distribution of the water charge (Figure 2a). Therefore, the Na® and Cl~ distribution is

influenced by this potential, while Ca?* ions are located more at the pore center due their

larger hydration shell?! (see Figure 2d). Furthermore, the systems with 6 to 2 nm pore sizes
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exhibits ionic density profiles which reach more uniform distribution beyond 8 A from the
surface, but the values differ from bulk densities, due to the rearrangements of the ions ex-
cluded from surface layer. The system with 1 nm pore size show the largest difference in the
ionic concentration with respect to the bulk system in the pore center due to extreme con-
finement. Nevertheless, the ions do not reach the calcite surface, since substantial energetic

penalty has to be overcome, as reported experimentally?!.

Hydrogen bond network analysis

Liquid water exhibit a multiform structure designed by hydrogen bonds with molecules at
different degree (number of hydrogen bonds per molecule) of connections forming a complex
network**. The purpose of the hydrogen bond network analysis was the quantitative elucida-
tion of the effect of the environment (ions, confinements and solid surface interface) on this
structure. To address this kind of problem, we adopt the approach based on graph theory
implemented in ChemNetworks code?!. Hydrogen bonds were analyzed based on a set of
representative instantaneous atomic configurations taken from molecular dynamics simula-
tions. We considered a geometric criterion for the hydrogen bonds, where the O — H---O
angle is greater than 150° and the O - - - H distance is lower than 2.5 A%,

Hydrogen bonds formed between water molecules belonging to the surface layer are rup-
tured due to the discontinuity on water system at the interface with the calcite surface.
However, many of the hydrogen bonds are reformed due to the interaction with the oxygen
atoms from carbonate group®. The network structure of hydrogen bonds on the adsorption
region (see Figures 3a and 3b) are almost unaffected by the ions from API brine. It occurs
because they are located far away from the surface (beyond 3.0 A), consequently, the degree
(number of hydrogen bonds) distribution of water molecules inside layer 1 is similar to the
one observed in pure water under the same environment. Furthermore, the slight difference
observed in the degree distribution of brine with respect to pure water system, both placed in
layer 2, is attributed to the few ions which penetrate this layer and the proximity with layer

9
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Figure 1: a) Particle density profiles displayed along the 4 nm pore size by the water oxygen; Na,
Ca and Cl in the electrolyte aqueous solution ions; and surface Ca and O calcite atoms. or clarity,
the atomic density profiles of Na, Cl and Ca are multiplied by a factor of 15, 15 and 40 respectively.
The surface limits were defined based on the average positions of surface calcium atoms. Dashed
lines delimit the layers. b) Normalized probability distribution of dipole moment orientations with
respect the surface normal vector. The electrostatic potential (white line) emerged due to water
structuring. This results are representative of the systems from 6 to 2 nm pore sizes. c¢) Particle
density profiles and d) normalized probability distribution of water dipole moment orientations for
the 1 nm pore size system.
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40 Figure 2: a) Normalized charge density for water inside the 3 nm pore taken over the whole
41 molecular dynamics simulation. Calcite cleaved at [1014] direction, exhibit Cog_ and Ca* groups
42 placed alternatively along the y direction. The blue and red colors represent excess of positive
and negative charges, respectively. b) Nat (green hue), c¢) Cl~ (red hue) and d) Ca?* (blue hue)
normalized charge densities distributions were progressively added. Ions are accommodated in the
46 charge accumulation regions displayed by water ordering.
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Figure 3: Degree distribution comparison between pure water and brine located inside a) layer 1,
b) layer 2 and c) layer 3. Relative particle density — with respect to the bulk values — of d) Na™,
e) ClI~ and f) Ca?" ions inside each layer for all investigated systems. g) Layered distribution of
average number of hydrogen bonds. Standard errors are too small to be represented in this graphic
scale.
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3 (see Figure 3c): the steric effect which occurs in layer 3 reduce the number of available
water molecules to form hydrogen bonds with the molecules located in layer 2. However,
the degree distribution of layer 2 remains with a high contribution of four coordinated water
molecules which resembles ice-like phases.

The network structure of hydrogen bonds — in the sense of the average number of
hydrogen bonds — in subsequent layers is related to the relative C1~ and Na™ concentrations,
and corroborates with the interpretation retained by many studies!? about the capability of
the ions to make and break hydrogen bonds (see Figures 3d-g). Such response is observed
more clearly on layer 3 which exhibits a remarkable unbalanced concentration of these two
kind of ions. We demonstrate in a previous work® that pure water inside layer 3 (and in
subsequent layers) has similar degree distribution as observed in bulk phase, because the
molecules located in this region are disconnected from the hydrophilic surface and this result
is insensitive with respect to the pore size. However, according to Figure 3g, the average
number of hydrogen bonds observed in layer 3 is slightly different from the one observed on
brine system at bulk phase. The result matches with the unbalance between Nat (making)
compared to C1~ (breaking) concentration in this layer (see Figures 3d and 3e). In practice,
the decrease of Cl~ with respect to the Na™ concentration results in gain in the number
of hydrogen bonds. Furthermore, the reduction of the average number of hydrogen bonds
observed in layers 4-6 is consistent with the relative increase in C1~ with respect to the Na™
concentration. The Ca?" ions have also structure making capability'? (see Figure 3f), but
due to their low density (one order of magnitude lower than Cl7), their presence preserve
the average number of hydrogen bonds.

An assembly of water molecules connected by hydrogen bonds design a network with

44

numerous branches and multiple extensions Currently, such structure can be accessed

44 Tn the context of

by analyzing the graph geodesic through Floyd-Warshall algorithm
the hydrogen bond network, the graph geodesic is the shortest continuous path designed

by a series of hydrogen bonds formed between two water molecules. Their analysis provide
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information about the interconnectivity of water molecules and it enables a non—local view
over the network topology of the spatially confined brine. In all analyzed pores, we observed
an increase — in comparison to the pure water system — in the geodesic path length (see
Figure S1b) with the addition of salt ions, as shown in Figure 4a (additional results are shown
in the Supplementary Information, Figures S2-7). This effect is enhanced under extreme
confinement displayed by systems ranging from 2 to 1 nm pore sizes. In such environment,
high percent of geodesic paths cross the pore in the confinement direction and connect
high to low dynamics molecules (see Figure S6). A layered analysis through the different
regions depicted on Figure 1la was performed to evaluate the origin of this geodesic paths
characteristic. We observed the absence of ions on the surface layer results in similar geodesic
paths properties for brine and pure water (see Figure S3). Differences between water and
brine appear on the path length distributions of layers 4, 5 and 6. However, the property is
unrelated to the pore size or layer label (see Figures S4a and S4b). Taken together, these
results indicate that larger geodesic paths are displayed to connect two spatially separated
water molecules to overcome or contour the network discontinuity imposed by the salt ions
and also by the calcite surface on the surface water, this effect being more pronounced in
small pores due to the higher surface to volume ratio.

Distortions generated on the hydrogen bond network are also observed through the anal-
ysis of the O-O-O triplet angle distribution (see Figure S5). It is characterized by an intense
and broad peak corresponding to the tetrahedral coordination of pure water®®. The salty ions
and confinement interface decrease the position of this peak in the angle axis. To explore
this effect in more detail, we determined the average angle of the distribution calculated
over the water molecules belonging to a specific geodesic path length. The average angle
displayed in API brine reach 3° smaller than obtained for the pure water system (see Fig-
ure 4b). As a consequence, the geodesic paths are more folded as revealed by the tortuosity
analysis shown in Figure 4c. The collective geometric distortion leads to approximately 0.25

Kecal/mol gain (more negative) in potential energy per water molecule (see Figure S7). The
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main contributions in the potential energy comes from modifications in the triplet angle
distribution, since the hydrogen bond average distance remain the same and the slight dif-
ferences observed on the average hydrogen bond angle keep the energy invariable. This role
is also pore size dependent — as observed mainly in systems with high surface to volume
ratio — due to the contribution of surface water which display average triplet angles around
8° lower with respect the remaining system. Such response represent approximately 0.4
Kecal/mol gain in the potential energy per water molecule (see Figure S7). Taken together,
the distortions generated on hydrogen bond network revealed by the geodesic path and O-
O-0O triplet angle analysis can explain the glue-like mechanical properties displayed under

extreme confinement 4647,

Dynamical properties

The hydrogen bond network discussed in the previous section evolves constantly due to
continuous dissociation and formation on timescales ranging from tens of femtoseconds to

4849 Tn the subsequent sections, we extend the analysis of nanoconfined API

picoseconds
brine based on the water dynamics (translational and rotational) which arise as a consequence
from this particular hydrogen bond network and how this influences the transverse relaxation

time here accessed by NMR modeling.

Diffusion

The diffusivity of the water molecules within the calcite pores was analyzed by plotting
the MSD as a function of time (see Figure S8). From these, the normal diffusive linear
dependence in time was observed starting from 30 ps and 200 ps for 2-6 nm and 1 nm pores
respectively. The calculated reference of self-diffusion coefficient (D) obtained by Equation 1
for water molecules in bulk API brine is 1.98+ 0.01x10 cm?2s™!, which is lower than the
value obtained for bulk water (2.35x10 cm?s!)® using the same force field. The D value for
water molecules in the API brine under confinement is significantly reduced and it ranges
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from 0.23 x 107 to 1.46 x 10®° cm?s! from 1 to 6 nm calcite pores (Figure 5a). This
trend indeed confirms that the water self-diffusion coefficient is strongly correlated to the
pore surface to volume ratio,” i.e, the smaller the ratio the faster the water mobility. In
addition, in confined systems, the translational diffusion of water is highly dependent on
the local density and ordering®. For the confined API brine, we have shown in the previous
section that the inclusion of ions enhances local and non-local ordering, highlighted here by
the distortions on the hydrogen bond network (Figures 4a—c). Since the diffusional motion

1,5 our findings shed light on the origin of the overall slowdown of translational

is non-loca
displacement in confined aqueous solutions observed experimentally”.

To disentangle the influence of the surface and ions on water diffusion, we calculated
the parallel self-diffusion coefficient D) (Equation 2) of the water molecules which remain
in layers 1 to 6 (see Figure la) during a certain time interval ¢'. According to Figure 5b,
the diffusion of water is slowest in layers 1 and 2 and very similar to the confined pure
water®. Due to the absence of ions in these two layers, the slowdown is attributed to the
strong water—surface interactions which induce local ordering (see Figures 1b and 1d).
Even though experiments have demonstrated that the self-diffusion of water around ions

5152 we obtain an overall downward

is dependent on structure making/breaking properties
shift of D) values in layers 4-6, which are in otherwise bulk-like region and dominated by CI~
structure breaking ions. These findings indicate that the hydrogen bond network distortions
revealed in Figures 4a—c) governs the self-diffusion behavior of water in confinement.
Although the surface dominates in slowing down the self-diffusion coefficient D in 6
2 nm pore size, the trend changes for a 1 nm pore; the parallel diffusion coefficient in
all the three layers is comparable. We link this ambiguous diffusion behavior to the high
accumulation of the ions at the pore center (see Figure 1c). This results in enhanced overlap
of the hydration shells and structural rearrangements which inhibits translational dynamics.

The calculated values for D) as a function of distance from the hydrophilic calcite surface

are lower than those of water confined in hydrophobic pores (%5354, The strong reduction
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of D) near hydrophilic surfaces is associated with the high water density and structuring in
contrast to hydrophobic surfaces where the weak slow down has been related to formation

short lived ice-like structures?.

T T T T T T ) L} M L} M L} M L} M L} M L} 6 )l L} L} L} L} L}
C . . . - € -
a R —o— -
4k ) —o— Diffusion Coefficient 16 ° O— Rotational correlation time ~O— T, Surface
—O—T,-Buk
Bulk water
12 E
T 3F E 4F -
Ng o o o o
S Bulk brine sl ° - o Bulk brine
O 2 ~_
2 o—
5 o o0 —o—0 | 2} 1
1+ o— E 4 Bulk brine b
O/ D B
o g 0 g —o o o o )
0 L) v L) M L} M L} M L} L} P" 0 ‘ v L) v L} M L} M L} M L} }—N (6) L) L) L) L} L} L}
b m_  d) —@—Llayer1 | - ) b
41 ) 7:7 tzzz;; . 2 —@— Layer 2 —O-—T,
—A— Layer 3 2} —A—Layer3 ] Bulk water 1
Layer 4 Il:ayer4
o s . ——Layer 5 N .
3 —o—Layer5 16| . e lmee 1 4T Bukbrine
£ —%— Layer 6 T
o 5 | Bulk brine 12k . L S
° Y b e == (] L] ° ° )
- st < B 1
o
e,k e ) A—a— 4o L a4 /0/0/
A———A ., A 4 |- Bulk brine B __——o©
AT ot ] ___o©
0 4——4 8 8 2 (] 0 AU P SR SR S 0 Q 1 1 1 1 1
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

Pore size (nm)

Pore size (nm) Pore size (nm)

Figure 5: a) 3D self-diffusion coefficient of water molecules in the confined API brine solution as a
function of pore size. b) Parallel 2D self-diffusion coefficient as a function of distance from the calcite
surface and pore size. Error bars from the fitting of the MSD data are smaller than the symbol sizes.
c) Rotational correlation time for all the water in API brine inside calcite slit pores. d) Rotational
correlation time as a function of distance from the surface. Error bars from the exponential fitting
are roughly the same size as the symbols. e) T9 relaxation time of confined water in API brine on
the surface and bulk-like region of calcite 1-6 nm pores. f) Total Ty relaxation time as a function
of pore size. The propagated errors are too small to be represented in this graph.

Reorientational dynamics

The longer the rotational correlation time 7., the slower is the molecular reorientation,
thereby, revealing restrictions in the rotational degrees of freedom of hydrogen bonds®®.
According to Figure 5c¢, 7. decreases with increasing pore size, with a slowdown factor of
5.3 for a 1 nm pore and 1.8 for a 6 nm pore, in comparison to bulk API brine. Previous
studies®®%57 have associated this slowdown on reorientational dynamics of confined pure
water to the slightly enhanced hydrogen bond strength caused by spatial confinement. In
addition, the presence of ions in our system breaks the hydrogen bond network as evidenced

by the degree distribution (Figure 3c). The immediate consequence of this is the reduction
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of the number of accessible states for water reorientation, leading to reduced reorientations
due to steric effect®. Furthermore, molecular dynamics studies on aqueous solutions?®®>"
have shown that the electrostatic interactions of water oxygen with Na®, CI~ and Ca?* ions
is greater than the water-water hydrogen bond, which explains the further hindrance of the
reorientational dynamics for water molecules in brine solution.

The local reorientational dynamics investigated from layer by layer analysis indicates
that water molecules in layers 1 and 2 have the slowest reorientational dynamics as expected
for hydrophilic surfaces. Despite the absence of ions in these layers, 7. is slightly higher
than for confined pure water®. This is an indication that the ions which appear in layer
3 slightly stabilize the water reorientation on the adsorption layer, highlighted here to be
a direct effect of the local structuring of the water and ions (see Figures la—d) along the
surface normal. The significance of the structure makers (Na*t ions) and breakers (Cl~ ions)
is evident from the 7. values obtained in layers 3-6; high relative density of structure makers
(breakers) results in longer (shorter) 7. in comparison to bulk brine®®. Although Ca?' ions
are structure makers, their small concentration has minor effect at the center of the pores.
The uniformity of the values in layers 4-6 demonstrates that the surface has negligible effects
on the rotational dynamics in this region of the pore.

For the system with 1 nm pore size, the 7, values obtained for each layer indicates that
the water is highly immobile as compared to larger pores (See Figure S9 for the behavior of
Cyu(t) in a 1 nm pore in comparison to 2 and 6 nm pores). The arrangement of water and
ions within the 1 nm pore (Figure 1c), means that most of the water-water hydrogen bonds
are exchanged for water-ion interactions or water-surface bonds. The resultant 7. is long,
an implication that for a high concentration of ions, the relative contribution of structure
makers and breakers is indistinguishable and the collective effect is dominant for structure
makers. These findings are in agreement with molecular dynamics simulations of water in

concentrated solutions®®.
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Transverse spin relaxation

As a very sensitive indicator of local mobility and the binding state of water in porous media,
the transverse relaxation time (T5) is an important parameter to characterize calcite-brine
interactions. Spin relaxation can arise from translational as well as rotational dynamics®,
and thereby, any fluctuations can affect the measured value of Ty. We observed that calcite
water interaction affect mainly the surface water (layers 1 and 2) resulting in Ty value one
order of magnitude lower than for bulk-like water (see Figure 5e). Except for the 1 nm
pore which display high ionic concentration near surface layer, the Ty value for the water
molecules in the surface layer is similar to the value for pure water confined in calcite slit
pores®. It can be inferred from this study that for pores of at least 2 nm, the physical and
electrostatic barrier created by the water molecules on the calcite surface leads to similar T,
on the surface for both confined pure water and brine solutions due the absence of ions in this
region. This low Ty value observed on the surface layer of water can be viewed as a measure
of the attractive “wetting” character of the calcite surface by the fluid®. These findings
are in qualitative agreement with experimental observations that surface interactions help
in lowering the relaxation times%%63.

In the bulk-like region (formed by layers ranging from 4 to 6), the relaxation of water
molecules is highly pore size dependent. For the calcite pores studied here, the relaxation
time reaches the bulk API brine Ty relaxation time for pores with sizes ranging from 3 to
6 nm. Other than the confinement, an additional factor for the bulk-like region relaxation
time is the ionic concentration since in general, Nat and Ca?" ions decrease while Cl~
ions slightly increase the NMR relaxation time%%%°. For the bulk API brine, the collective
effects of these ions is to reduce the NMR T, relaxation time to 3.48 s in comparison to
4.59 s° for bulk water obtained from MD simulations. We show that for the larger pores
(4 to 6 nm) where the surface has negligible effects in the bulk-like region, there is slight
increase of the Ty relaxation time which we attribute to the high density of CI~. This
behavior correlates with the local rotational dynamics, which indicates that translational
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dynamics have negligible effect on the T relaxation in the bulk-like region. In contrast, the
T, relaxation time in the bulk-like region is relatively shorter than the bulk API brine for
the smaller pores. Specifically for the 1 nm pore, we establish a limit of the fast exchange
model, which is valid for small pores as long as separate surface and bulk-like phases exist.
The high concentration of ions in the 1 nm pore center leads to a spin relaxation in layer 3,
which is comparable to the surface layers (layer 1 and layer 2) making it difficult to clearly
separate the surface and bulk phases.

The total Ty relaxation time of the confined API brine averaged over the surface and
bulk-like regions according to Brownstein and Tarr model? is shown in Figure 5f. The trend
of the NMR Ty relaxation time studied in calcite pores reflects the general sensitivity of
NMR measurements to pore-size distributions, where a lower T is expected for small pores,
whereas, large pores result in higher Ty values. The experimental Ty cutoff for carbonates
is in the order of hundreds of ms%, which is comparatively shorter than our calculated
values. This is expected, since, in our theoretical model the dipolar interactions are only
modulated by hindered molecular dynamics which is not the only relaxation mechanism
in natural rocks”. In comparison to pure water confined in calcite, the presence of ions
slightly lower the Tj relaxation time®. The reasons for this change is two fold: on the one
hand, spin relaxation arising from translational diffusion is attenuated as a consequence
of the distortions on the hydrogen bond network (Figures 4a—c). On the other hand, the
unbalanced concentration between structure makers and breakers observed mainly in bulk-
like region in the brine solution slightly increase the rotational spin relaxation. Considering
that the surface dominates the observed T4 in porous media®’, the T, values measured in this
kind of systems is expected to be dependent on the properties of the surface water. For small
pores (as shown here for a 1 nm pore) and/or for systems with high ionic concentrations,

the ions play a significant role on the obtained Ty values.

21

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

Conclusion

We provided a fresh molecular look with significant insight toward the discussion about the
effect of confinement interfaces and ions from electrolyte aqueous solutions on liquid water
structure and dynamics. To properly address the system properties, we adopt an original
approach by combining molecular dynamics simulations with hydrogen bond network anal-
ysis based on graph theory and NMR modeling. Our main contributions are on describing
the structure of solvent and ions at calcite-solution interfaces and its physical indications
and potential significance on the crystal growth and dissolution processes.

The particular ionic distribution observed inside the calcite slit pore is related with the
spatially alternated electrostatic potential which arise from the strong ordering of water
molecules in contact with the solid surface interface (Figures 2a—-d). As a consequence,
the Na™ and Cl~ ions occupy respectively, the negative and positive accumulation regions
observed in water 2D charge density profile, while Ca?* ions are located mainly on the pore
center due to their high hydration shell. In particular, the Na* and Cl~ electrolyte ions
occupy the available sites near at the solid /brine interface resulting in a screening effect %,
thus reducing the probability of desolvating and attaching of foreign chemical species directly
on the surface%. Such response can influence the crystal growth and can explain the results
obtained experimentally on scale formation in hardwater pipes™. The authors related the
growth rate with the surface wettabillity, and they argue that hydrophilicity decrease the
calcium carbonate uptake because such particle must compete with pre-existing solid-solution
interactions.

We observed the hydrogen bond structure (Figures 3a—c) and particle density (Figure 1a)
of water belonging to the adsorption layer is negligibly affected by the API brine. None of
the considered ions reach the calcite surface due to the 1) electrostatic potential barrier
which arise from the ordering water molecules belonging to the surface layer, and 2) the
physical barrier imposed by the surface ice-like structure characterized by high coordinated

water molecules and slow Ts. These results revealed an additional mechanism displayed by
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calcite surface able to inhibit the formation of pathways for the crystal growth, thus should
be considered in the crystallization models. The hydrogen bond network is temperature
sensitive?*, and therefore, the barrier imposed by surface water can be lowered by heating
process. Temperature growth rate dependences are observed by several authors in both
biogenic™ and inorganic ™ crystallization, and according to our interpretation, such response
can be related to this particular water structure.

Furthermore, the effect of ions on the branched aspect of water hydrogen bond network
was properly characterized through the geodesic path analysis based on graph theory. We
revealed that larger geodesic paths are displayed to connect two spatially separated water
molecules to overcome or contour the network discontinuity imposed by the salty ions and
the calcite surface (see Figures 4a—c). Large geodesic paths are extended across the pores
and they connect surface water with high dynamics molecules at the pore center. Specially,
systems with 2 and 1 nm pore size exhibit high percent of the geodesic paths connecting the
two surface water regions (see Figure S6). Considering the effect on the potential energy (see
Figure S7) due to the path folding, such water structure can explain the glue-like mechanical

4647 The overall slow-

properties observed in confinement environment by several authors
down in water diffusion noticed with NMR modeling (see Figures 5a—b) is attributed to this
particular distortions on the hydrogen bond network. It can influence the crystal growth
rate by particle attachment, since the hydrated particle may take longer time to reach to an
attachment site at the calcite surface™.

Such particular hydrogen bond network revealed in current work has dramatic conse-
quences on water dynamics and they are intimately related. The translational and rotational
dynamics are uncorrelated, and our results show that the faster rotation at the center of the
pores is due to the high density of Cl~ ions in this region. On the contrary, the global nature
of the translational motions lead to a universal low diffusion coefficient regardless of the

nature of ions. Although the surface has the greatest effect on the relaxation time, the en-

hanced dipolar interactions due to a more folded hydrogen bond network further slows down
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the calculated Ty relaxation time of brine in confinement. Our findings obtained by NMR
modeling complement the experimental measurements of aqueous solutions in nanoscopic

media by providing useful measures of pertinent parameters.
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Detailed description of the system setup; complementary results about the geodesic analysis;
additional information related to the water diffusion and the rotational correlation function.
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