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Abstract

This paper presents the dynamics of confined water and its interplay with alkali cations in disordered
sodium aluminosilicate hydrate (N-A-S-H) gel using reactive force field molecular dynamics. N-A-S-H gel is
the primary binding phase in geopolymers formed via alkaline activation of fly ash. Despite attractive
mechanical properties, geopolymers suffer from durability issues, particularly the alkali leaching problem
which has motivated this study. Here, the dynamics of confined water and the mobility of alkali cations in
N-A-S-H is evaluated by obtaining the evolution of mean squared displacements and Van Hove correlation
function. To evaluate the influence of the composition of N-A-S-H on the water dynamics and diffusion of
alkali cations, atomistic structures of N-A-S-H with Si/Al ratio ranging from 1 to 3 are constructed. It is
observed that the diffusion of confined water and sodium is significantly influenced by the Si/Al ratio. The
confined water molecules in N-A-S-H exhibit a multistage dynamic behavior where they can be classified
as mobile and immobile water molecules. While the mobility of water molecules gets progressively
restricted with an increase in Si/Al ratio, the diffusion coefficient of sodium also decreases as the Si/Al ratio
increases. The diffusion coefficient of water molecules in the N-A-S-H structure exhibit a lower value than
those of the calcium-silicate-hydrate (C-S-H) structure. This is mainly due to the random disordered
structure of N-A-S-H as compared to the layered C-S-H structure. To further evaluate the influence of water
content in N-A-S-H, atomistic structures of N-A-S-H with water contents ranging from 5-20% are
constructed. Q" distribution of the structures indicates significant depolymerization of N-A-S-H structure
with increasing water content. Increased conversion of Si—-O-Na network to Si-O-H and Na—OH
components with an increase in water content helps explain the alkali-leaching issue in fly ash-based
geopolymers observed macroscopically. Overall, the results in this study can be used as a starting point
towards multiscale simulation-based design and development of durable geopolymers.
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1. INTRODUCTION

Geopolymers produced through alkaline activation of aluminosilicate precursor materials (such as
Metakaolin, blast furnace slag, or fly ash) have emerged as sustainable alternatives to ordinary portland
cement (OPC)™. Analogous to calcium silicate hydrate (C-S-H) in hardened cement paste, sodium
aluminosilicate hydrate (N-A-S-H) gel is the main binding phase in sodium hydroxide (NaOH)-activated fly
ash-based geopolymers. Geopolymers have been shown to exhibit impressive mechanical performance
and better resistance against chlorides/sulfate attacks as compared to OPC ®3, Besides, the CO, emissions
have been shown to reduce significantly by 25% to 40% >'*%6 when compared to OPC binder. Such an
enhancement in terms of both reduced carbon footprint and improved mechanical/durability
performance makes geopolymers a promising candidate as an environment-friendly alternative binding
material to OPC. However, one of the major concerns regarding the large scale use of geopolymers has
been the issue of leaching of alkalis, which aids in accelerated deterioration of the material in the long run
especially under moist or wet conditions ’. The presence of excessive residual water in geopolymers is
found to de-polymerize the network structure, which indirectly promotes the leaching of alkali ions
thereby leading to severe deterioration in mechanical performance of such geopolymer binders'®%°, Thus,
understanding the influence of the dynamics of the confined water on the movement of each alkali cations

in N-A-S-H gel is expected to unfold novel pathways towards design of efficient and durable geopolymers.

2025 and curing conditions?*%%?’ on the efflorescence

While the influence of chemical composition
behavior of geopolymers have been studied previously using experimental evaluations, fundamental
molecular mechanisms responsible for such behavior still remain poorly understood. Toward that end,
this paper evaluates the dynamics of water, confined in the nano-pores of the N-A-S-H gel and its
interaction with alkali cations using reactive force field (ReaxFF?®) molecular dynamics simulations so as
to obtain fundamental insights on the molecular mechanisms within the N-A-S-H gel responsible for the
efflorescence behavior of fly ash-based geopolymers. While fly ash-based geopolymers have been
researched extensively 1230 ogver the past decades, the molecular structure of N-A-S-H has recently been
proposed 3735 Under X-Ray Diffraction (XRD) test and nuclear magnetic resonance (NMR)

16,3644 geopolymer gel is shown to exhibit as an amorphous structure opposite to crystalline

spectroscopy
zeolites structure®. In this paper, the molecular structure of N-A-S-H gel is developed by following the
general melt-quench approach?®#’, which is extensively used to obtain amorphous glass from the
crystalline structure. The obtained glassy structure is hydrated by performing Grand Canonical Monte

Carlo (GCMC) simulation®® to obtain the N-A-S-H structure. The inter-atomic interactions are implemented



)28. Overall, fundamental insights on the influence of the

by using the Reactive Force field (ReaxFF
dissociation of water and its interplay with alkali cations in N-A-S-H gel reported in this paper are expected
to foster efficient tuning of the composition and structure formation toward the development of durable

geopolymer binders.
2. SIMULATION METHODOLOGY

This section provides a brief description of the model construction procedure for the N-A-S-H structure.
The structural properties for short and medium-range order are also elucidated. Finally, the method to
compute the diffusion coefficient for different cations from MD simulation is detailed, followed by

simulation results and discussions.
2.1 Molecular structure of NAS glass and NASH gel

In this study, three sodium aluminosilicate (NAS) glasses with Si/Al ratio of 1,2, and 3 are considered
whereas the Na/Al ratio is kept as 1. Following the melt-quench procedure*®#, the glass is prepared by
randomly packing Si, Al, Na, and O species in the simulated box. The system is then heated at 4000 K for
500 ps each in isothermal-isobaric (NPT) ensemble and canonical (NVT) ensemble using Nose-Hover
thermostat®® to make sure that there is a loss of memory with respect to the initial configuration. The
simulation is then followed by quenching the prepared structure from 4000 K to 300 K with a cooling rate
of 1 K/ps in NPT ensemble. Such cooling rate has been successfully adopted for preparing other silicate
glasses®®>2, The obtained glass structure is equilibrated in the NPT ensemble for 500 ps followed by the
NVT ensemble for 300 ps and another 200 ps for production. In order to hydrate the glass structure, a
Grand Canonical Monte Carlo (GCMC) simulation*® in the grand canonical ensemble (uVT) is applied. In
this study, the value for chemical potential u is set as 0 eV and the temperature is maintained at 300 K to
provide an unlimited supply of water until saturation. To allow saturation with a stable distribution of
water, the simulation is run for one million steps. In this study, the saturated structure is achieved at water
content between 16-20 wt%, which is also observed experimentally in the previous literature (15-20
wt%)*3. The final obtained structure was then equilibrated in NPT to stabilize the temperature at 300 K
and 0 atm pressure for 300 ps and in NVT at 300 K for another 300 ps and followed by 200 ps for
production. The composition of the NAS glasses and its hydrated structures is shown in Table 1. The
computed density from MD simulation for N-A-S-H structures lies in the range from 1.9-2.37 g/cm3, which
is in agreement with the values obtained from experimental observations for sodium-based geopolymers

(1.7-2.4 g/cm3) 175455,



Table 1: Chemical composition of the disordered glass and gels with water content and density

Structure SiO> Al,O3 Na,O Water content | Density
(wt %) (wt %) (wt %) (wt %) (g/cm3)
NAS1 (Si/Al =1) 42.30 35.89 21.82 - 2.53
NAS2 (Si/Al = 2) 59.45 25.22 15.33 - 2.42
NAS3 (Si/Al = 3) 68.74 19.44 11.82 - 2.24
NASH1 (Si/Al=1) | 35.46 30.09 18.29 16.17 2.37
NASH2 (Si/Al = 2) | 49.37 20.94 12.73 16.95 2.11
NASH3 (Si/Al = 3) | 55.44 1541 9.37 19.78 1.99

NASH1, NASH2, and NASH3 in table 1 denote the hydrated structures of NAS1, NAS2, and NAS3 glasses
respectively. Figure 1(a) and (b) show the representative molecular structure of NAS3 and NASH3

respectively.

Figure 1: Representative molecular structure of (a) NAS3 glass, and NASH3 structures where Si/Al is
equal to 3 (Al: Green, Si: Navy Blue, Na: Yellow, O: White, and H: Red).

Dimensions of N-A-S-H molecular structures, thus obtained, are 25 A x 25 A x 25 A. Throughout the
simulation, a reactive force field (ReaxFF®) is implemented to generate the NAS and NASH gel structures,
which has also been adopted for similar materials3*°¢. All simulations are performed in an open-source
software LAMMPS®” and Ovito®® is used for visualization. The time step taken in the preparation and
equilibration of the disordered molecular structure is 0.25 fs, and the same timestep is maintained for all

the simulations in this paper. In order to simulate the mean square displacement (MSD), the size of the



NASH structure is adopted as 50 A x 50 A x 50 A, which contains approximately 13000 atoms. Any further
increase in the box size shows negligible improvements in the results while the computational demand
increases significantly. Besides, such size of the simulation box has been shown to provide reliable results
to study diffusion using molecular dynamics simulation with negligible finite size effect >°. A good accuracy
has also been achieved in a previous study that evaluates diffusion of species in calcium silicate hydrate

(CSH) gel® with a smaller size of the simulation box as compared to the size adopted in this study.
2.2 Interatomic potential

In this study, ReaxFF?® potential is implemented for atomic interactions in the molecular structures to
model the NAS and NASH structures and to study their properties. In the framework of ReaxFF, the total

energy of an atomic system (Esyszerm) is dividend in multiple components:®*

Esystem = Ebond + Eangle + Etorsion + EvdWaals + ECoulumb + Eunder + Eover + Especific [1]

Here E}onq indicates the energy associated with bonds formation between atoms based on interatomic
distance. Egpngie and Etorsion are the angular and torsional energy respectively. The terms Ej,qy 415 and
Ecoutomp refer to the van der Waals and Coulombic contribution calculated between two pairs,
irrespective of their connectivity and bond order. While E,, 4. is the energy penalty for under
coordination of atoms that is based on atomic valence rules, E, ., indicates the energy penalty for over
coordination of atoms. Egy.¢;ric denotes specific system terms that are adopted for the system of interest
such as lone-pair, conjugation, hydrogen binding, and C; correction®. One of the advantages of ReaxFF
over other forcefields is that ReaxFF relies on the bond order, which is directly calculated from the
instantaneous distances that are updated continuously, and this allows for the creation and dissociation
of bonds during simulation, which is also the salient feature of ReaxFF. ReaxFF potential has been
successfully implemented in MD simulations toward obtaining efficient atomic structures for a wide
variety of materials 2262754, The ReaxFF is adopted from a previous study®® that evaluates a similar material

system. Please refer to the supplementary material (Section E) for the ReaxFF file used in this study.
2.3 Structural Characterization

The short-range order (< 3 A) of the constructed molecular structures is evaluated using total pair

distribution (PDF). The PDF is the ratio of the local density of atoms with respect to the global density of

the atoms expressed as a function of distance from an atom. In particular, neutron PDF is given as®+667;

gn() = Z;Z ci¢jbibjg;j(r) (2]

cicjbibj
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where c; is the fraction of i atoms (i = Al, Si, Na, O or H), b; is the neutron scattering length of the species,
and g;; are the partial PDFs. To take into consideration the maximal scattering vector Qmax of the
experimental structure factor, the computed g(r) was broadened using the methodology described by
Wright et al.®® This is achieved by convoluting the component correlation function (such as pdf) with a
gaussian function and then adding them together. To avoid extra peak broadening, the interval used in
the accumulation of the component of correlation functions must be small as compared to the full width
at half maximum height of the experimental resolution function in real space.

To investigate the medium-range order of the constructed structures, structure factors are computed.
The partial structure factors are calculated from the Fourier transform of the partial PDF g;;(r) (Equation

2).

sin(@,) ( sin(x
$i7(Q) = 1+ po [ 4mr2[g;;(r) — 1] (‘T)( é”)dr 3]
where Q is the scattering vector, p, is the average atom number density, and R is the maximum value of
the integration in real space, which is set to half of the size of one side of the simulation cell. The total

structure factor is calculated as:

Sy(@) = WZ cicjb;ib;S;;(Q) (4]

where ¢; and ¢; are the fractions of atoms and b; and b; are neutron scattering lengths, for elements i
and j, respectively. The Lorch-type window function is used in this study in order to reduce the effect of
the finite cut-off radius in the integration®. While the use of such window type has shown to reduce the
ripples at low Q, this also induces some broadening of the structure factor peaks’®. Such window function
has also been applied successfully to silicate glasses using MD simulation®®. PDF and structure factors,
computed for the constructed molecular structures, are compared against the experimental observations
to validate the constructed structures before evaluating the diffusion of water molecules and alkali cations

within the N-A-S-H structures.
2.4 Computation of diffusion coefficient

The diffusion coefficient is computed from the MSD of the species. MSD is calculated based on the
displacement of the species at a given time interval with respect to the initial point. The nature of the
variation of MSD with time indicates the modes of the movement (freely diffusive, binding, or active
transport). For stable conditions, where the process does not change with time, the MSD is calculated as

a time average. The square of the displacement of each atom is expressed as



SD(t); = (r;(t) — 1;(0))? [5]

where 1;(t) is the position of atom i at time t. Thus, the MSD is calculated by averaging all the SD values

over the total number of atoms (N).

N
1
MSD(©); =7 ) ((6) = 1:(0))? (6]
i=0

The diffusion coefficient (D) can be calculated from the time evolution of MSD using Einstein’s relation33¢°

Dl MSD ;
_tl—glo 6t 7]

To illustrate the dynamics properties of each atomic species, the simulation is run for 10 ns in the NPT
ensemble, where the configuration is saved at every 10 ps for respective structures. Such long simulation
has also been adopted in the literature to study the diffusion of water in calcium silicate hydrate (CSH)

gel®®.
3. RESULTS AND DISCUSSION

This section first demonstrates the short/medium-range order and the partial pair distribution function
for the constructed molecular structures to evaluate their realistic nature with respect to experimental

observations. Thereafter, the diffusion properties of water molecules and alkali cations are detailed.
3.1 Structural characterization:
3.1.1 Neutron pair distribution function and Neutron structure factor:

Figure 2 shows the broadened PDFs obtained using the methodology explained in section 2.3 for N-A-S-H
structures with different Si/Al composition. The initial peak at 1.0 A corresponds to the D—O interaction,
where D refers to deuterium, where heavy water is used in order to prepare the geopolymer binder 371,
The second peak corresponds to a combination of Si—O and Al-O interactions. The Si—O bond length
predicted by ReaxFF is 1.62 A, which corresponds very well to the Si-O bond length of Si tetrahedra. For
the case of Al-0, the peak is less clear as they arise from the superimposition of different coordination
number (CN) of Al (CN = 4, or 5). The other peak at 2.6 A corresponds to the 0—0 interactions. All these
peaks (in the simulated PDFs) for the constructed N-A-S-H structures are in excellent agreement with
experimental data available in the literature3®”! signifying the viability of the constructed structures in

terms of short-range order. It is to be noted that in the experimental studies available in the literature37,



the N-A-S-H gel was prepared by activating pure metakaolin with deuterated sodium silicate solution with
molar ratio SiO,/Na,0 equal to 2. The samples were cured at ambient temperature for 90 days. To quantify
the agreement between the experimental and simulated correlation functions, the Wright factor is
computed®. The Wright factor is expressed as®:

R. = ?=1(g(ri) - gexp(ri))z
* Zlnzl(gexp(ri))z

[8]

where g, (1;) is the experimental PDF. These factors are calculated over the range from 1 Ato8Aand
the computed R,, for NASH1, NASH2, and NASH3 are 9.5%, 9.18%, and 9.75%, respectively. Since the
value of R,, below 10 % can be considered as a good agreement®, it can be inferred that constructed

NASH structures represent realistic short-range order.
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Figure 2: Pair distribution function of (a) NASH1, (2) NASH2, and (c) NASH3, compared with the
experimental data’.
To analyze the characteristics of the constructed N-A-S-H structures in the medium-range order, the

neutron structure factors for the constructed N-A-S-H structures are plotted along with the experimental
data*®”, as shown in Figure 3. It is evident that the structure factor for NASH (except Si/Al equal to 1)
contains four distinct peaks, the position of which correlates very well with the experimental
observations®®7, However, the first sharp diffraction peak (FSDP) of NASH1 is shifted to a higher Q. This
can be attributed to the high content of network modifiers which tends to rupture the covalent network

connectivity as well as introduce non-bridging oxygen (NBO)’°.
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Figure 3: Structure factor of NASH1, NASH2, and NASH3, compared with the experimental data3®7.

3.1.2 Partial pair distribution function

The local structure of the N-A-S-H gel with different Si/Al composition is investigated in this section by
computing the partial pair distribution function (PDF). The symbol O is used to represent the structural
oxygen connected to the ring structure, whereas Ow represents the oxygen in water. Such symbols are
used consistently hereafter to differentiate oxygen connected to the ring structure from oxygen in water.
In this study, the discussion solely focuses on the interactions of water and alkali species such as Na—O,
Na—Ow, 0-0, O—Ow, Ow—-Ow, O—H, and Ow—H. Such evaluations on the interactions between water and
alkali species help explain the diffusion behavior of different species, detailed later in this paper. Figure

4(a) shows the partial PDF for Na—0 interaction in NASH with varying Si/Al ratio.
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Figure 4: Partial PDF of (a) Na-O, and (b) Na-Ow interactions for NASH1, NASH2, and NASH3.



From Figure 4(a), two peaks are observed. The first peak at 2.30-2.35 A corresponds to the interaction of
Na with non-bridging oxygen (NBO), which is also observed both numerically and experimentally3>7275,
This indicates the ability of ReaxFF to mimic the experimentally observed Na-O interaction. Figure 4(b)
shows the interaction of Na with water in the three N-A-S-H structures. Here two peaks are observed
between 2-2.6 A. The presence of such a dual peak can be explained from the nature of Na around the
vicinity of water molecules’, where the coordination of Na shows variation between 1 to 672. The average
coordination of Na* with Ow and O is found to be between 4.5-5.7 which is in line with the experimentally

observed values in the range 4.3-6.2 A72775, This shows the consistency of the MD simulations with the

experimental observations.

Figure 5(a) shows the partial PDF of tetrahedral oxygen in N-A-S-H with varying Si/Al composition. The
first peak 2.73-2.75 A is present in all the structures irrespective of Si/Al composition and it corresponds
to the 0—0 bond®. Such results suggest that the O—O bond belonging to the ring structure is stable
irrespective of the Si/Al content. Figure 5(b) shows the interaction of O—Ow where three distinct peaks
are observed (2.75 A, 3.3 A, and 5.3 A). While the first peak at 2.75 A indicates interaction of O with the
first neighboring atom (first coordination shell between oxygen atoms) in water (Ow), the third peak at
5.3 A corresponds to second neighbor interactions. The first peak at 2.75 A is also present in the case of
0-0 and Ow-Ow bonds, as shown in Figure 5, and previous observations’®7°. The second peak observed
at 3.3 Ais due to local interaction between the O and Ow present in the hydrated N-A-S-H structure. The
second peak at 3.3 Ais observed in all the N-A-S-H structures. Similar observations are shown for hydrated

disordered aluminosilicates in the literature’®.
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Figure 5: Partial PDF of (a) O-0, (b) O—Ow, and (c) Ow—-Ow interactions where O represents oxygen
connected to polyhedral structure and Ow represents oxygen in water for NASH1, NASH2, and NASH3
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Figure 5(c) shows the partial PDF of Ow—Ow interaction in N-A-S-H. The first peak at 2.76A corresponds
to the first coordination shell between oxygen atoms in water (Ow). A similar observation is also observed
for the case of bulk water at 2.76A%. In the case of bulk water, the second neighbor interactions are
observed at 4.5 A%, However, in N-A-S-H structures, such interactions are not prevalent due to the
confined nature of water molecules’®. These water molecules, when present in the confined space in the
glass structure, exhibit anomalous characteristics, which is also observed in the case of calcium silicate

hydrate (CSH)®2.

Figure 6(a) and (b) show the partial PDF for the O—H, and Ow—H interactions respectively. In order to get
insight into the behavior of water in the disordered structure, a bulk water system is simulated using the
same ReaxFF. Note that a density of approximately 0.94 g/cm3 is obtained for bulk water using this
potential, which is consistent with the value reported in the literature®2-%* Both O—H and Ow—H bonds do
not show any significant change in bond lengths irrespective of different Si/Al compositions. In the case
of Ow-H interaction, it is observed that the behavior of the bonds for gel structure is similar to that of bulk

water. Ow—H interaction in bulk water is consistent with the behavior reported in the literature®8,
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Figure 6: Partial PDF of (a) O—H, and (b) Ow—H (hydroxyl) where Ow (represent oxygen in water), and H
(represent hydrogen associated with water) for NASH1, NASH2, and NASH3. For Ow-H, a partial PDF
from bulk water is also plotted.

3.2 Diffusion of water molecules and alkali cations in N-A-S-H structure

While the previous section evaluated the structural attributes of N-A-S-H and the influence of composition
on the resulting structural characteristics, this section presents the diffusion behavior of water molecules
and alkali cations in the confined water of N-A-S-H structures. The dynamics of different species in the

confined water is evaluated by computing the MSD.

11



3.2.1 Dynamics of confined water molecules in N-A-S-H structure

Figure 7 shows the evolution of MSD of water molecules confined in the N-A-S-H (representative NASH2
structure) structure where four stages, namely ballistic, caged, transition, and diffusive regimes, are
clearly observed. Such stages have been reported in the literature for water diffusion in both layered and
disordered structures®'. Region A (t < 60 ps) corresponds to the ballistic regime (< r2(t) > o t?) where
non-linear increase in MSD is observed with increase in time. In the region B, a plateau region is observed
till 200 ps. This region represents the cage effect where water molecules try to escape the polyhedral
network formed by the network former species. The region C represents the transition regime where the
water molecules tend to escape the ring network formed by the network former species. In this transition
regime, the motion of water molecules can be interpreted as diffusion with low exponent (< r2(t) > «

t%, where a < 1). Lastly, the stage D represents the linear diffusion regime (< r2(t) > « t) after 2 ns.

100
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Figure 7: Regions in MSD of water molecules in NASH2 (Si/AL equal to 2).
3.2.2 Diffusion of atomic species in the confined water of N-A-S-H

This section evaluates the evolution of MSD of different species in the confined water of N-A-S-H. Figure
8(a) shows the MSD of Al with respect to time. It is observed that the values of MSD of Al atoms in glass
is relatively lower compared with those of hydrated structures. As indicated in the previous study®*, water
molecules present in the glass induced stretching of Al-O bonds. Similar trends are also observed for Si,
as shown in Figure 8(b). This shows that Si and Al atoms in the polyhedral network exhibit similar nature
irrespective of the Si/Al composition. Their minimal movements indicate that the network connectivity is

intact. Figure 8(c) exhibits the MSD of sodium atoms with respect to time. It is observed that the mobility
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of Na is comparatively higher than those of Si and Al. As indicated in the literature®, the diffusion energy
barrier in the NAS glass is in the order of Si > Al > O > Na, which shows that Si and Al are more stable than
Na. Thus, it is expected that Na ions can exhibit higher mobility’2. In addition, the mobility of Si and Al
atoms are restricted due to the polyhedral network formed by Si—-O—Al bonds. Another observation is that
the Na ions show significantly higher mobility in wet conditions (N-A-S-H structures) when compared to
dry conditions (NAS glass), which explains the issue of leaching of Na from N-A-S-H that has been shown
to affect the durability of fly ash-based geopolymers3*72, Figure 8(d) represents the MSD of oxygen (O)
connected to the polyhedral structure. Such oxygen atoms are expected to show less mobility in the dry
environment due to their connection to the network structure. However, in a wet environment,
dissociation of water leads to the generation of protons (or hydrogen) that tend to form bonds with
system oxygen atoms resulting in depolymerization of the structure. This leads to an increase in mobility
of the system oxygen in wet conditions compared to dry conditions. The MSD values of O for NAS glass is

consistent with the values reported in the literature’.
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Figure 8: MSD of (a) Al, (b) Si, (c) Na, (d) O, (e) Ow, and (f) H atoms for NAS glass, N-A-S-H gel with time
evolution of 10 ns, respectively.

Figure 8(e) represents the MSD of oxygen in water (Ow). It is observed that such oxygen (Ow) atoms

exhibit comparatively higher mobility than the structural oxygen (O), which can be attributed to the
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network restraint formed by network former (Si—O—Al). It is also observed that the MSD values of Ow
decrease with an increase in the Si/Al ratio. In order to gain more insight on this behavior, the number of
Si-[0,0w]-H interaction is evaluated for varying Si/Al ratio. It is clearly observed that as the Si/Al ratio
increases the percentage of Si-[0,0w]-H interactions increases (please refer to Section A of the
supplementary document for more information). As the Si content (which is a network former) increases
more network connectivity is achieved in the system and this in turn restricts the water to diffuse easily.
Also, it is observed from ring size distribution (which is explained later in this paper) the presence of
smaller ring size becomes more prevalent with an increase in Si/Al ratio. This further restricts the
movement of sodium ion and water molecules in the structure. Figure 8(f) shows the MSD of hydrogen
ions (or proton) with respect to time for different Si/Al composition. Hydrogen atoms show significantly
higher mobility as compared to all other species in N-A-S-H due to its smaller size, which promotes
relatively easier movement of hydrogen atoms. Note that the MSD values for hydrogen atoms, shown in
Figure 8(f) are consistent with the ones in a study of hydrated silicate glass using ReaxFF potential’® which

is parameterized for Na-Si-O-H.

To further characterize the nature of water molecules, present in N-A-S-H, this study classifies the water
molecules based on their relative mobility as immobile and mobile water molecules. Figure 9(a) shows
the MSD of representative individual water molecules in NASH3 (Si/Al=3) with time. As can be seen from
the figure, there is a clear difference in MSD between the mobile water and immobile water. While the
MSD for immobile water is less than 2 A, the MSD for mobile water is larger. Thus, threshold RMSD for
water molecules is approximately 1.414 A beyond which the water molecules start hopping. This threshold
RMSD corresponds well with the typical cage radius. Another parameter that can be used to classify the
mobility of water molecules is based on the slope from MSD, where it can be seen that the slope of
immobile water molecules is close to zero (till 1 ns) and more than zero for mobile water molecules. Figure
9(b), (c) and (d) show the trajectories of a single sodium ion, immobile water, and mobile water
respectively at 300 K. While the mobile water molecule is able to hop to another site (as in this case
minimum of two sites), the immobile water molecule vibrates around one site which explains the lower
MSD value for immobile water molecules. It is observed that for sodium ions, two separate modes
associated with the vibration at two fixed sites are observed. A similar finding is also noted in silicate

glass’?.
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Figure 9: (a) Representative plot of mean squared displacement (MSD) behavior of water molecules as a
function of time, (b) trajectory of a representative immobile water molecule, (c) trajectory of a
representative mobile water molecule, and (d) trajectory of a representative sodium ion for NASH with
Si/Al=3.

3.2.4 Diffusion coefficient of sodium and water molecules

While the previous section showed the evolution of mobility of water molecules and alkali cations in N-A-
S-H, this section quantifies the diffusion coefficient of sodium and confined water molecules based on
Einstein’s equation. The diffusion coefficient is computed in the range from 2 ns to 8 ns where a linear
variation of MSD with time holds true with R? values lying between 0.95-0.98. The linear fitting plots with
R? values are provided in section B of the supplementary document. Figure 10(a) shows the computed
diffusion coefficient of sodium ion for three different compositions. It is observed that as the content of
network former (Si atoms) increases, the diffusivity of sodium decreases. This indicates that the structural
role of sodium is composition-dependent, where sodium ion is more mobile when acts as a charge

compensator to neutralize the network former (Al) than when it acts as a creator of NBOs on tetrahedrally
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coordinated silicon and aluminum. This relative increase in the diffusion coefficient of sodium ion when
acts as a charge compensator indicates that the sodium ions do not form the rigid part of the network®®.
Whereas for the case of low content of Al,03;, some sodium ions get associated with Si-O, and these
sodium ions are less mobile. Such observation is also illustrated in the literature for silicate glass ®. This
decreasing behavior can also be correlated with the rings structure in N-A-S-H, which investigates the

intermediate-range order of molecular structure.
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Figure 10: (a) Diffusion coefficient of sodium, and (b) ratio of diffusion of water in N-A-S-H with respect
to the bulk water system.

The ring size distribution of each system is computed by implementing the RINGS package®’. Here, the
ring size is defined in terms of the number of Si and Al atoms (i.e., on the basis of Si-O-Al connection and
ignoring the Al-Al or Si-Si as part of the ring), and the maximum number ring size of 20 is adopted where

good convergence is obtained for the ring size distribution.
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Figure 11: Ring size distribution in N-A-S-H structure with (a) Si/Al = 1, (b) Si/Al = 2, and (c) Si/Al = 3
where the ring size is defined in terms of Si/Al atoms belonging to the ring.
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Figure 11 shows the comparison of ring size distribution for glass structure (un-hydrated structure) and
N-A-S-H (hydrated structure) for three different compositions. From the plot, it is observed that the
fraction of small ring size (2-4 size rings) increases with an increase in Si/Al ratio which explains the
decrease in mobility of sodium ions with increasing Si/ Al ratio. For a direct validation of the obtained
diffusion coefficient of Na, no experimental data is available so far, to the best of our knowledge. The only
available data in the literature®® regarding this deal with the diffusion of Na in unhardened geopolymer
paste with initial water content of 25-35%. Under such early-age (unhardened) condition, diffusion
coefficient values of sodium in the range of 4 — 8 x 10~12 m?/s have been reported, which is of the same
order as the values obtained from MD simulation especially for NASH with Si/Al equal to 1. Figure 10(b)
shows the ratio of the diffusion coefficient of water molecules in the disordered structure with respect to
the diffusion coefficient of water bulk system (Dpyk system = 3-44 X 1079m?/s). It is clearly visible that
the diffusion coefficient decreases with an increase in the Si/Al ratio. Such behavior can be attributed to
(i) increasing tendency of the dissociated water to form silanol (Si-O-H) group with Si-O network which
restricts the mobility of water molecules in the structure (please refer to Table 1 in the section A of the
supplementary document), and (ii) the formation of smaller rings with increasing Si/Al ratio (please refer
to Figure 11) which further restricts the water molecules to diffuse easily. For more details on the
influence of the Si/Al ratio on the oxygen speciation in N-A-S-H please refer to Section A of the
supplementary document. This highlights the effect of substrate composition on the diffusion of water
molecules in the ultra-confined spaces. Nevertheless, the computed ratios of the diffusion coefficient of
water molecules in the disordered N-A-S-H structure with respect to the diffusion coefficient of water bulk
system are significantly lower than those reported for C-S-H structure®®’®, This signifies that part of the
mobile water molecules in the disordered N-A-S-H structure diffuses with slow dynamics. This can be
attributed to the disordered structure of N-A-S-H with random distribution of water molecules whereas
C-S-H is a layered structure where most of the water molecules are distributed in the interlayer spaces.
Such disordered random distribution of water in the cavity regions around the polyhedral network formed

by aluminosilicate skeleton in N-A-S-H prevents its mobility when compared to C-S-H.

3.2.5 Evaluation of diffusion behavior of sodium and water molecules using Van Hove correlation

function

To further evaluate the dynamic properties of sodium ions and water molecules in N-A-S-H gel, the self-

part of Van Hove space-time correlation function (H(r,t)) is computed. This function is expressed as
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where the term 7; denotes the coordinate of oxygen atom i in water (or sodium atom), § denotes the
Kronecker function, and the term 7 represents time origin. The self-part of Van Hove correlation function
H(r,t) yields the probability that a particle originally at (¢t = 0) and (r = 0) has moved a distance r in time
t 8. Figure 12(a) shows the H(r, t) at different time scales for sodium ions for a representative N-A-S-H
structure with Si/Al equal to 3. It is observed that majority of the sodium atoms oscillates in a confined
space (high probability lies in the range below r equal to 2 A) initially (t = 0.01 ns). However, beyond
0.01 ns, peaks start appearing towards the right and this indicates the sodium ions start hopping at
different sites. While in the current study the effect of pressure and temperature is neglected the
dynamical behavior of sodium cation in the magma is observed to be sensitive to density and temperature
using MD simulation as reported in the study by Bauchy et al.2® Moreover, the cation diffusion in real

scenarios are very sensitive® to dissolved components such as water or carbon dioxide.

Figure 12(b) shows the H(r,t) at different time scales for water molecules. From Figure 12(b), at short
interval (t = 0.01 ns) water molecules are still in the cage. However, at a longer time scale (¢t > 0.1 ns),
some water molecules start escaping the cage and start traveling as far as 3 A (this is the average r

between 2-4 A where the second peak is prevalent).
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Figure 12: Self part Van Hove function for (a) sodium at different time intervals, (b) water molecules at
different times

Beyond 0.1 ns, the multiple peaks start appearing at an average distance of 3 A and 6 A. While the value
3 A can be considered as the average jump length in N-A-S-H structure which is at the first hopping site,

the other peak at 6 A can be considered as the second hopping site. These values correspond well with
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the trajectory of the mobile water molecule shown in Figure 9(c). It is noted that the average jump length
of bulk water molecules at room temperature is approximately 0.9 A °*, whereas the average jump length
in supercooled water at 253 K is roughly 2.4 A ®2. This suggests that water molecules in confined space in
random N-A-S-H structure behaves like a supercooled liquid. Similar observations are reported in the case

of C-S-H®.

The influence of the Si/Al ratio on the heterogeneity in confined water dynamics in the N-A-S-H structure
is analyzed hereafter in this section. Figure 13(a) and 13(b) shows the mobility of sodium ions and water
molecules respectively for varying Si/ Al ratios at a representative time of 8 ns. In the case of sodium ions
(as shown in Figure 13(a)), the mobility of sodium ions decreases with increase in Si/Al ratio which
correlates well with the decreasing nature of diffusion coefficient in N-A-S-H with increasing Si/Al ratio as

discussed earlier.

Due to the heterogeneity in the dynamics of water molecules in the N-A-S-H structure, the water
molecules diffuse with significantly different residence times in different regions. To distinguish between
water molecules with different residence times, the self-part of Van Hove function is classified into mobile,

Hy (1, t), and immobile, H;(r, t) components:

Ny
1
Hyy(r, £) = WZ <80 —Ir(t+1) —n@]) >

1
H,(r,t) = ﬁ,z <80 —|r(t+10) —n@]) >

Where Ny and N,, are the number of mobile and immobile water molecules, respectively. The mobility
of water molecules is classified as immobile and mobile water based on the MSD value as explained in the
previous section. Figure 13(c) shows the mobile-immobile classification of the Van Hove correlation
function at t=6 ns. The peak centered at 0.3-0.5 A in H(r, t) for immobile water in NASH3 corresponds to
vibrational motion in a confined space in the disordered structure. The high intensity of the localized
motion of immobile water molecules (Figure 13(c)) is related to the water molecules associated with the
bridging SiO; groups present in the system which effectively obstructs its diffusivity. On the other hand,
mobile water displays superimposition of multiple peaks beyond 2 A which can be attributed to the
hopping of water molecules in the network structure. In addition to forward hopping, some of the water
molecules also show backward hopping which is identified by the presence of multiple hopping sites in

their trajectories. Overall, the behavior observed in the figure described the anomalous and
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inhomogeneity of the confined water molecules in the structure. From Figures 13(b) and (c), it is noted
that the dynamics of water molecules in the disordered N-A-S-H structure is not as distinct as observed in
layered structure such as C-S-H®. As such, a clear composition-dependent trend is not observed in Figures
13(b) and (c). To shed more light on this, Figure 13(d) plots the probability of hopping of water molecules
with varying Si/Al ratio. The probability of hopping of water molecules are computed by taking the area
of the H(r, t) curves are shown in Figure 13(b). The probability of hopping of water molecules decreases
significantly with an increase in the Si/Al ratio. A 27% decrease in the probability of hopping is observed
when the Si/Al ratio increases from 1 to 3 which is in line with the earlier observation on the diffusion of

water molecules in N-A-S-H, shown earlier in Figure 10(b).
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Figure 13: Self part Van Hove function for (a) sodium ions, (b) water molecules, and (c) immobile and
mobile water, and (d) probability of hopping of water molecules in N-A-S-H for Si/Al = 1, 2 and 3 at t=6
ns.

3.3 Influence of varying water content on the diffusion behavior of species in N-A-S-H structure
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This section focusses on the influence of varying water content on the diffusion behavior of sodium and
water molecules in the NASH3 structure. A wide range of water content in N-A-S-H has been reported so
far in the literature3-3>%3, As such, the evaluation of realistic water content in N-A-S-H structure remains
an open topic of research. In this study, four different water contents (5, 10, 15, and 20 wt%) in the N-A-

33-3553_ V/ariations in water

S-H structure are considered based on water contents reported in the literature
content is achieved by saving the configuration of the structure during GCMC at different intervals. It is
noteworthy that the N-A-S-H structure is saturated at water content equal to 20%. The obtained
structures were then equilibrated in NPT at 0 atm pressure and 300K for 300 ps and in NVT for 300 ps
followed by another 200 ps for production. The validation of the molecular structures with different water
contents based on the pair distribution function and structure factor are provided in section C of the
supplementary document. Besides, the partial pair distribution functions of Na-O, Na-Ow, O-O, O-Ow,
Ow-Ow, O-H, and Ow-H interactions with different water content are also detailed in section D of the
supplementary document. It needs to be noted that partially saturated N-A-S-H structures are obtained
from GCMC at various stages before equilibrium water content is reached and as such, the structures
might not have been adequately equilibrated. However, the results still highlight various important

information regarding the influence of water content on the diffusion of water molecules and alkali cation

as explained hereafter.
3.3.1 Nature of oxygen speciation in N-A-S-H with varying water content

This sub-section evaluates the influence of water content on the oxygen speciation in N-A-S-H structure.
Figure 14(a) shows the distribution of bridging oxygen (BO), non-bridging oxygen (NBO), and tri cluster
oxygen (TO) in the system with varying water content. It is evident that BO decreases with an increase in
water content and consequently the NBO increases. These results suggest significant de-polymerization
of the structure with an increase in water content. A trace of TO is also observed in the structure. The
presence of TO indicates the defect in the glass. Such presence of TO is also observed in the MD simulation
of NAS glass®. Figure 14(b) shows the fraction of Si—0-Si, Si—O—Al, and Al-O-Al in the BO. It is observed

that the majority of the network structure is formed by Si—-O-Si and Si—O-Al bonds.
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Figure 14: (a) Nature of oxygen speciation, and (b) fraction of BO components in NAS glass and NASH.
3.1.4 Q" distribution and degree of de-polymerization in N-A-S-H with varying water content

To quantify the effect of de-polymerization in the N-A-S-H structure with an increase in water content,
the percentage of Q" distribution for N-A-S and N-A-S-H are compared in detail. The Q" distribution is
based on the tetrahedral network formed by Si and Al (n is the number of bridging oxygen) as shown in

Figure 15(a-b).

Figure 15(a) presents the Q" distribution of Si, which is consistent with the distribution reported in the
literature®*. It is found that with an increase in water content, the Q* decreases significantly whereas the

Q° and @? increase, which suggests de-polymerization in the structure with increasing water content.
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Figure 15: Q" analysis for (a) Si and (b) Al in NASH structure with different water content, and (c) degree
of de-polymerization in the N-A-S and N-A-S-H structure.

Figure 15(b) shows the Q" distribution of Al network. In such Q" distribution, 5-coordinated aluminum

atoms with oxygen are observed (less than 20%). Formation of such 5-coordinated aluminum atoms with
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oxygen has also been reported for NAS and N-A-S-H structures in the literature3*°3, However, with an
increase in water content the Q° decreases. In the case of Al, similar to the Q" distribution of Si, Q*
decreases and Q° increases with an increase in water content for the reasons explained earlier. It is
observed that in the N-A-S-H gel, the water molecules help in stretching the Si-O-T (T = Si, Al) bonds which

results in the separation between the tetrahedral SiO4 unit and nearby AlO4/AlOs unit®.

Figure 15(c) quantifies the degree of de-polymerization in the N-A-S-H structure with respect to water
content. The degree of de-polymerization, in this study, is measured as the ratio of the number of NBO
with respect to the number of tetrahedral network (T). As explained in various contexts earlier in this
paper, the degree of depolymerization increases significantly with an increase in water content in N-A-S-
H due to the increased number of non-bridging oxygen (NBO) sites. The atomic structure of NASH3

showing the Q" network of Si and Al is shown in Figure 16.

Figure 16: Atomic structure of NASH3 showing (a) Qf”, (b) Q4;, (c) @3, (d) Qﬁi and (e) Qgi network. (Si:
Navy blue, Al: Green, O: White and Na: Yellow).

3.1.5 Diffusion coefficient of sodium and water molecules

While the previous section showed the effect of water content on the network structure in N-A-S-H, this

section quantifies the diffusion coefficient of sodium and confined water molecules based on Einstein’s
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equation. Figure 17(a) shows the computed diffusion coefficient of sodium and the computed value
increases with an increase of water content in the structure which can be attributed to the polarization
field arising from water. Self-part Van Hove correlation for Na is also computed with respect to different
water contents as shown in Figure 17(b) for t = 6 ns which shows that The mobility of sodium ions increases
with an increase in water content, similar to the trend observed in the influence of water content on the

diffusion coefficient of Na.
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Figure 17: Plot for (a) diffusion coefficient, and (b) self-part Van Hove function for sodium ions with
respect to different water content for N-A-S-H (Si/AL equal to 3).

Figure 18(a) shows the ratio of the diffusion coefficient of water molecules in the disordered structure
with respect to the diffusion coefficient of water bulk system (Dpyk system = 3.44 X 1079m?/s). The

computed values show an increasing trend with an increase in water content.

0.001 1 1 1 1 N
1(a) [ — NASH-5
& - s 0.1 —NASH-10 F
s - s —NASH-15 [
ol i i —NASH-20 [
3 s
e} - L
a = -
& i [ T 0.01 -
< s
ZI C
g | « I [
= [
; =
e TS
M 0.001
0.0001 T T T T .

01 2 3 45 6 7 8 9 10

5 10 15 20 Distance, r (A?)

Water content (%)

Figure 18: Plot for (a) ratio of diffusion of water molecules in N-A-S-H and that of water molecules in
bulk water system, and (b) Self part Van Hove function for water molecules with different water content
for N-A-S-H with Si/AL equal to 3. The water content in N-A-S-H (Si/Al equal to 3) is fully saturated for
the case when water content equal to 20%.
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To shed more light on the mobility of water molecules in a confined structure with respect to different
water contents, self-part Van Hove Correlation for different water contents is plotted as shown in Figure
18(b). The general trend in Figure 18(b) suggests a progressive increase in mobility of water molecules
with increasing water content which is in line with the observations of the diffusion coefficient for water
molecules shown in Figure 18(a). A few irregularities (multiple local peaks) are observed for the water
content below 15% which can be attributed to the significantly lower degree of depolymerization in those

structures which may have prevented the water molecules to diffuse easily.
5. CONCLUSION

This study evaluates the dynamics of confined water and its interplay with alkali cation (sodium) in sodium
aluminosilicate hydrate (N-A-S-H) gel formed via alkaline activation of fly ash. To evaluate the influence
of the composition of N-A-S-H on the water dynamics as well as the diffusion behavior of sodium, three
different N-A-S-H compositions are considered with Si/Al ratio ranging from 1 to 3. Evaluation of water
dynamics in N-A-S-H reveals four stages, namely ballistic, caged, transition, and diffusive regimes, similar
to C-S-H. However, due to the disordered structure of N-A-S-H compared to the layered structure in C-S-
H, the anomalous behavior of water in the confined space is prevalent in N-A-S-H. This can be observed
from the individual movement of water molecules in the system. Evaluation of composition-dependent
diffusion behavior revealed that the diffusion coefficient of water molecules and sodium decreases
significantly with an increase in Si/Al ratio which can be attributed to the increase in the fraction of small
ring size (2-4 size rings) with increasing Si/Al ratio that restricts the mobility of species within N-A-S-H.
Detailed evaluation of MSD and Van Hove space-time correlation function showed the heterogeneity of
the water molecules in the N-A-S-H structure. While C-S-H shows a clear composition-dependent trend of
Van Hove space-time correlation function due to the presence of water at the interlayer spaces of C-S-H,
no clear composition-dependent trend was observed in disordered N-A-S-H structure where water
molecules are randomly distributed within the structure. To get more insights on the dynamics of confined
water in N-A-S-H, the water molecules are categorized into mobile and immobile water by tracking their
MSDs and trajectories and the probability of hopping of water molecules with varying Si/Al ratio was
computed from the Van Hove correlation function. The probability of hopping of water molecules
decreased significantly with an increase in Si/Al ratio which is in line with the earlier trends of diffusion
coefficients. Over the whole range of Si/Al ratio, the diffusivity of water molecules in N-A-S-H is lower than
that of C-S-H. This is attributed to the disordered structure of the N-A-S-H compared to the layered

structure of C-S-H.
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To further evaluate the effect of water content in the N-A-S-H structure, four different contents are
demonstrated (5%, 10%, 15%, and 20% water content). It is observed that the mobility of sodium increases
with an increase in water content, which is also observed macroscopically when geopolymer is exposed
to water-soluble salts. Due to the dissociation of water, which is the salient feature of ReaxFF (developed
somewhere else) to model the chemical reaction, the Si-O—Na network is converted to Si-O—H and Na—
OH which explains the alkali-leaching issue in fly ash-based geopolymers observed macroscopically. In
addition, the effect of the network connectivity with an increase in water content is also presented which
is computed from the number of bridging oxygen (BO), non-bridging oxygen (NBO), and Q" distribution (in
particular Q%) of Si and Al network present in the structure. The results show a significant decrease in Q*
with increasing water content which clearly indicates the de-polymerization in the structure due to the
combined effect of dynamics of confined water and its interaction with alkali cation in N-A-S-H structure.
Overall, this study demonstrates the nature of confined water in the polyhedral network of
aluminosilicates in N-A-S-H gel and the effect of alkali ions with varying Si/Al ratio as well as varying water
content. This will further help in understanding the fundamental mechanisms that control the chemo-
mechanical stability of the geopolymer structure which can serve as a starting point toward multiscale

simulation-based design of durable geopolymers.
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