
Interaction between water and point defects inside
volume-constrained α-quartz: An ab initio molecular dynamics

study at 300K

Deep Choudhuria,∗, Alex J. Rinehartb,∗∗

aDepartment of Materials and Metallurgical Engineering, New Mexico Institute of Mining and Technology, Socorro,

New Mexico, 87801
bDepartment of Earth and Environmental Science, New Mexico Institute of Mining and Technology, Socorro, New

Mexico, 87801

Abstract

Quartz-based minerals in earth’s crust are well-known to contain water-related defects within their

volume-constrained lattice, and they are responsible for strength-loss. Experimental observations

of natural α-quartz indicate that such defects appear as hydroxyl groups attached to Si atoms,

called Griggs defect (Si-OH), and molecular water (H2O) located at the interstitial sites. However,

factors contributing to the formation of Griggs and interstitial H2O defects remains unclear. For

example, the role of point defects like vacancy sites (O2− and Si4+), and substitutional (Al3+) and

interstitial (Li+, K+, Ca2+, Mg2+, etc.) ions has remained largely unexplored. Here, we performed

ab initio molecular dynamics at 300K to examine the energetics and structure of water-related

defects in volume-constrained α-quartz. Several configurations were systematically interrogated

by incorporating interstitial H2O, O2− and Si4+ vacancies, substitutional Al3+, and interstitial Li+,

Ca2+ and Mg2+ ions within α-quartz. Interstitial H2O defect was found to be energetically favor-

able in the presence of Substitutional Al3+, and interstitial Ca2+, Mg2+ and Li1+. In the presence of

O2− and Si4+ vacancies, H2O showed a strong tendency to dissociate into OH - to form Griggs de-

fect - and a proton; even in the presence of substitutional and interstitial ions. These ions distorted

the α-quartz lattice and, in the extreme case, disrupted long-range order to form local amorphous

domains; consistent with experimental reports. Our study provides an initial framework for un-

derstanding the impact of water within the crystal lattice of an anhydrous silicate mineral such
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as quartz. We provide not only thermodynamic and process-related information on observed de-

fects, but also provides guidelines for future studies of water’s impact on the behavior of silicate

minerals.
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1. Introduction

Water is present under confinement in a wide range of artificial, biological and geological

materials and can have a profound impact on the bulk material properties [1, 2, 3, 4]. Confined

water consists of water trapped within nano-scale pores, ranging from a few tenths to tens of

nanometers. Confined water has been found to have fundamentally different behavior than bulk

water, with properties such as density, dielectric constants, and phase transitions controlled by

the interaction of the water with the confining solid [5, 6, 4]. Many of these materials easily

incorporate water, often into the crystal lattice or via electrostatically controlled sorption. In

many materials, the presence of confined water within the regular lattice or within defects has

been observed to decrease strength, possibly via hydrolytic weakening * at stress concentrations

[7, 8, 9]. However, water is found in interstitial spaces as water-related defects of nominally anhy-

drous crystal lattices [7, 8, 9, 10, 11, 12, 13, 14, 15]. Among these, α-quartz, or low-temperature

quartz, is one of the most common minerals in the Earth’s crust and is used in a wide range of

applications[7, 8, 9, 10, 11, 12, 13, 14, 15]. It is commonly assumed to be anhydrous, i.e., to

not contain water within lattice dislocations, and to primarily exist as water inclusions or small
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bubbles [7, 8, 9, 10, 11, 12, 13, 14, 15, 16]. However, confined water in quartz lattice defects

have been observed via FTIR techniques since the 1980s, including hypothesized but not verified

structures [7, 8, 9, 10, 11, 12, 13, 14, 15, 16]. This study focused on the energetics and structure

of a suite of water-related defects in the α-quartz crystal lattice by performing ab initio atomistic

simulations at a low temperature of 300K.

In α-quartz, three types of water-related defects have been documented using infrared spec-

troscopy and electron microscopy. [7, 8, 9, 10, 15, 16, 17, 18, 12, 13, 14]. The first type of defect

is called “Griggs” defect, where an hydroxyl (OH−) group attaches itself to a Si or the bridging

O atom in Si-O-Si via hydrolysis [7, 8, 9]. They are thought to be unstable in mechanically un-

constrained α-quartz, and their formation in the presence of preexisting vacancies (Si4+ or O2−) is

yet to be examined in at finite temperatures [19, 13, 14]. Second is a hydrogarnate-type defect, or

hydrogarnate: It forms by the interaction between four protons (H+) with a Si4+ vacancy site, and

results in four new hydroxyl groups [10, 13, 14]. It is worth noting that Griggs and hydrogarnate

defects notionally excludes the presence of molecular water (H2O) as defects within quartz-lattice;

they only consider defects with water in it’s dissociated state.

Later, Stenina proposed a third defect-type based on transmission electron microscopic ob-

servations of naturally occurring alpha-quartz minerals. In these third defect types, undissociated

H2O exists within the interstices of an α-quartz lattice [12]. (In the α-quartz lattice, interstitial

sites form a cage-like volume that comprise Si-O-Si bonds). Furthermore, their studies indicated

that such interstitial H2O coexists with O2− vacancies, where charge-compensating impurity atoms

occupy lattice and interstitial sites [12].

Several types of impurity elements can occupy the lattice and interstices of α-quartz. They
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include monovalent (e.g., Li+, Na+, K+), divalent (Ca2+, Mg2+, Fe2+), and trivalent (Al3+, Fe3+)

cations [12, 13]. Among these Al3+ and Li+ are thought to be most prevalent. Typically, Al3+

substitutes Si4+, and Li+ are present at the interstitial spaces as charge compensating species

[12, 13]. Stenina further demonstrated that the presence of molecular H2O, along with impurities,

disrupted the crystalline order of quartz, and formed amorphous domains within the host lattice

[12]. Notwithstanding, extant water-related defect studies indicate that formation of water-related

defects within the quartz lattice is closely associated with atomic point defects, i.e., vacancy, sub-

stitution and interstitial, and is well-known in the geology literature [10, 12, 13].

Interestingly, despite a significant body of literature - spanning nearly seven decades - on water-

related defects in α-quartz [7, 8, 9, 10, 11, 15, 18, 12, 13], limited ab initio studies were performed

on this topic [20, 19, 21, 22, 14]. Earliest DFT studies focused on pure α-quartz. One of them

suggested that presence of molecular water within α-quartz and hydrolysis of Si-O-Si (Griggs

defect) are energetically unfavorable, and water-related defects corresponds to hydrogarnate-type

structure [22]. A latter study clarified that Griggs defect is stable within α-quartz lattice, and

further elaborated on the structure and existence of hydrogarnate-type defect [14]. They also

examined charged systems and effect of interstitial impurities [14].

Notwithstanding, existing computational studies share three key characteristics [20, 19, 21,

22, 14]. They employed density functional theory (DFT)-based first principles calculations. Initial

geometries were chosen by appropriately placing OH or H next to Si atoms or Si-O-Si bonds,

and, subsequently, they were optimized using well-known energy-minimizing algorithms. These

methods result in structures that are stable at 0K (see [23] and [24] for a description of those al-

gorithms). Defect structure proposed by Stenina remains largely unexamined using computational
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tools. High temperature simulations are readily performed using classical Molecular Dynamics

(MD) [25, 23, 26]. However, they are limited by the availability of semiempirical potentials that

can describe interatomic interactions between arbitrary elements, e.g., bond formation and recon-

struction between different species. [23, 26, 27].

Here, we have performed Ab Initio Molecular Dynamics (AIMD) simulations at 300K to probe

the structure and energetics of water-related defects in α-quartz. The choice of methodology was

guided by three reasons: first, AIMD allows interrogation of structural changes involving bond

breaking or formation [28, 29, 30, 25, 31, 32, 27],e.g., dissociation of water; second, it permits

incorporation of arbitrary elements, whose semiempirical potentials are currently unavailable for

conducting classical MD[33, 34]; and, third, facilitates the probing interatomic interactions in a

charged environment at a non-zero temperature [33, 34]. Our model system involves systematic

examination of several defect configurations, where H2O molecules are embedded within α-quartz

lattice, and, subsequently, probing their interactions with Si-O-Si bonds presence of Si4+ and O2−

vacancies, and impurity species like Al3+, Li+, Ca2+, and Mg2+. Furthermore, to mimic natural

conditions, these defect configurations examined within a volume-constrained α-quartz lattice,

whose lattice parameters were fitted to those of pure specimen at 300K.

The remainder of the manuscript is organized into three sections: simulation details are pre-

sented in Section.2, results in Section.3, and, finally, in Section.4 we discuss the implication of our

results within the context of defect stability and their population.
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2. Computational methods

2.1. Simulation details

Atomistic simulations was performed using the Vienna Ab-initio Simulation Package (VASP),

which employs projector augmented plane-wave (PAW) method; and, allows the description of

electron exchange correlation functional through generalized gradient approximation (GGA) by

using Perdew-Burke-Ernzerhof (PBE) parameterization [35, 36, 37, 38, 39, 40]. Ab initio MD

(AIMD) simulations were based-on Born-Oppenheimer dynamics, which allowed us to compute

atomic forces of canonical ensembles, i.e. constant number of particles (N), volume (V) and

temperature (T) [41, 26]. Equations of motion were solved using a time-step ∆t=0.001 picosec-

onds (ps) or 1×10−15s, and the temperature was nominally maintained a 300K using the Andersen

thermostat [42]. Through systematic testing we found that collision frequency ν=0.01-0.05 gave

consistent results i.e., the coupling strength between temperature bath and system. Our choice of

ν is consistent with literature reports [43, 44, 45, 46]: They prescribe smaller nu values, because

that minimizes alteration of phase-space trajectories from stochastic collisions. The application

of Andersen thermostat does not present any significant hurdles as long as atomic trajectories

were not utilized for computing deterministic dynamical properties like the diffusion coefficients

[42, 47, 45, 46]. However, the stochastic nature of this thermostat allows the resultant dynamics

to acquire uniform ergodicity [42, 48]. Therefore, Andersen thermostat can be reliably use for

computing energies and examining equilibrium structures [47, 49, 50, 51, 52] - a key requirement

of this study.

Electronic degrees of freedom in AIMD simulations was computed by using 560eV plane-
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wave cut-off energy and global convergence of 0.01eV. Brillouin zone was sampled using 2×2×4

(or, 0.35 Å−1 k-spacing) mesh centered at Γ point, partial occupancy of orbitals were described

using the tetrahedron method with Blöchl corrections, 0.04 eV smearing width, and the electronic

iterations was limited via 10−4eV threshold. Dispersion correction, due to van der Waals inter-

actions, was incorporated using the DFT-D2 method that was proposed by Grimme [53, 54, 55].

Next, we describe the geometry of simulation box, and the initial configurations used employed in

the simulations.

2.2. Model geometries utilized in AIMD simulations

Figure 1: Depiction of α-quartz geometry: (a) supercell showing the trigonal structure of the α-quartz viewed along
[0001] direction, and the red colored box indicates an orthogonal motif; (b) supercell corresponding to the orthogonal
motif, where the in-plane x and y axes are oriented along [2̄110] and [011̄0]. This orthogonal supercell or the simula-
tion box was employed in AIMD simulations.

The trigonal crystal structure (hexagonal lattice) of alpha-quartz, or α-SiO2, can be described

using a P3221 space group [56, 57, 58, 59]. Experimentally observed lattice parameters are nomi-
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nally a = b = 4.92Å, c=5.41Å, α=β=90◦, and γ=120◦ [60, 56, 57, 58, 59, 61, 14]. Fig.1a shows the

trigonal structure of α-SiO2, where the unit cell is replicated 4 times along [100] (or [011̄0]) and

[010] (or [2̄110]) directions and once along [001], i.e., 4×4×1, to form a supercell. Subsequently,

a 72 atom orthogonal supercell was extracted from that trigonal supercell, where the orthogonal

X, Y and Z axes were oriented parallel to [100], [010] and [001], respectively - see Fig.1b. This

orthorombic supercell was energy minimized by using the conjugate gradient algorithm, which

relaxed ionic positions, shape and volumetric degrees of freedom. This specific calculation em-

ployed 10−7eV threshold for carrying out Brillouin zone integration, and a global convergence

criterion of 10−3 eV. Notionally, such energy minimization yields a relaxed structure, correspond-

ing to 0K [23, 24]; hereafter, called 0K-DFT. Appendix A show our computed 0K-DFT values,

which are consistent with literature [22, 14, 62].

Subsequently, the 0K-DFT structure was equilibrated at 300K using NVT ensemble for 5ps

(see Section.2.2). In our AIMD simulations, the average external pressure (ïPextð) on the supercell

was maintained at 0.03GPa (i.e., nominally zero GPa) by systematically changing lengths of the

supercell lattice vectors [32, 27]. In reference to the crystallographic axes shown in Fig.1, the

final AIMD-equilibrated supercell dimensions were 9.755, 16.840 and 5.280Å along [100], [010]

and [001], respectively. This starter orthogonal supercell was the basis for creating simulations of

23 initial, “defect-implanted” configurations studied (see Table.1). The number of atoms in these

supercell configurations ranged from 72-78. AIMD-NVT simulations of those configurations were

performed by constraining their volume to pure α-SiO2 (Vα), that had been previously equilibrated

at 300K and ïPextð∼0GPa.

Broadly, three categories of configurations were considered for simulations, and supercells
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Table 1: List of initial configurations utilized for AIMD simulations. Here, “Charge neutral” means charge neutral-
ization was achieved by adding extra ions, while “Charge compensated” indicates that neutralization was enforced by
VASP via background charge compensation.

Configuration Defect typea Remarks

W in (1) interstitial H2O molecule Charge neutral
2W in (2) interstitial H2O molecules Charge neutral
W in O-vac (1) interstitial H2O molecule, and (1) O2− vacancy Charge compensated
W in Si-vac (1) interstitial H2O next to (1) Si4+ vacancy Charge compensated
2W in Si-vac (2) interstitial H2O next to (1) Si4+ vacancy Charge compensated
4H Si-vac 1 (1) Si4+ vacancy and (4) charge compensating H Charge neutral
4H Si-vac 2 (1) Si4+ vacancy and (4) charge compensating H Different H locations
AlLi (1) interstitial H2O, (1) Al3+ substituting Si4+, and (1)

interstitial Li+
Charge neutral

AlLi O-vac (1) interstitial H2O, (1) O2− vacancy, (1) Al3+ substitut-
ing Si4+, and (1) interstitial Li+

Charge compensated

2Al2Li (1) interstitial H2O, (1) O2− vacancy, (2) Al3+ substitut-
ing Si4+, and (2) interstitial Li+

Charge neutral

2Al2Li O-vac (1) interstitial H2O, (2) Al3+ substituting Si4+, and (2)
interstitial Li+

Charge compensated

2Al4Li O-vac (1) interstitial H2O, (1) O2− vacancy, (2) Al3+ substitut-
ing (2) Si4+, and (4) interstitial Li+

Charge neutral

Al3Li O-vac 1 (1) interstitial H2O, (1) O2− vacancy, (1) Al3+ substitut-
ing (1) Si4+, and (3) interstitial Li+

Charge neutral

Al3Li O-vac 2 (1) interstitial H2O, (1) O2− vacancy, (1) Al3+ substitut-
ing (1) Si4+, and (3) interstitial Li+

Different Li+ loca-
tion,charge neutral

2Li O-vac (1) interstitial H2O, (1) O2− vacancy, and (2) interstitial
Li+

Charge neutral

Ca2Al2Li O-vac (1) interstitial H2O, (1) O2− vacancy, (2) Al3+ substitut-
ing (2) Si4+, (2) interstitial Li+, and (1) interstitial Ca2+

Charge neutral

CaAlLi O-vac 1 (1) interstitial H2O, (1) O2− vacancy, (1) Al3+ substitut-
ing (1) Si4+, (1) interstitial Li+, and (1) interstitial Ca2+

Charge neutral

CaAlLi O-vac 2 (1) interstitial H2O, (1) O2− vacancy, (1) Al3+ substitut-
ing (1) Si4+, (1) interstitial Li+, and (1) interstitial Ca2+

Different Ca2+ location,
charge neutral

Mg2Al2Li O-vac (1) interstitial H2O, (1) O2− vacancy, (2) Al3+ substitut-
ing (2) Si4+, (2) interstitial Li+, and (1) interstitial Mg2+

Charge neutral

MgAlLi O-vac 1 (1) interstitial H2O, (1) O2− vacancy, (1) Al3+ substitut-
ing (1) Si4+, (1) interstitial Li+, and (1) interstitial Mg2+

Charge neutral

MgAlLi O-vac 2 (1) interstitial H2O, (1) O2− vacancy, (1) Al3+ substitut-
ing (1) Si4+, (1) interstitial Li+, and (1) interstitial Mg2+

Different Mg2+ location,
charge neutral

CaMg2Al2Li O-vac (1) interstitial H2O, (1) O2− vacancy, (2) Al3+ substitut-
ing (2) Si4+, (2) interstitial Li+, (1) interstitial Mg2+ , and
(1) interstitial Ca2+

Charge compensated

CaMgAlLi O-vac 2 (1) interstitial H2O, (1) O2− vacancy, (1) Al3+ substitut-
ing (1) Si4+, (1) interstitial Li+, (1) interstitial Mg2+ , and
(1) interstitial Ca2+

Charge compensated

a Number of defects are indicated inside the parenthesis.
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Figure 2: Initial configurations used for simulating water-related defects in pure α-quartz: (a) single H2O located
inside Si-O-Si cage; (b) two H2O inside Si-O-Si cage; (c) single H2O located near an O vacancy; (d) single H2O
located near an Si vacancy; (e) two H2O near a Si vacancy; and, (f) four hydrogen atoms near a Si vacancy. O and Si
vacancies are indicated with an arrow in panels “c-d”, while H2O molecules are marked with ovals. Structures were
prepared using VESTA [63].

corresponding to those configurations are shown in Figs.2, 3, and 4. The first category involves

incorporating an interstitial H2O, and O2− and Si4+ vacancies inside the Si-O-Si cages of “pure”

α-SiO2. We used W in (Fig.2a) and 2W in (Fig.2b) to examine the interaction of one and two

H2O molecules with Si-O-Si bonds, respectively; W inO-vac examined the effect of O2− vacancy

on H2O (Fig.2c); W Si-vac (Fig.2d) and 2W Si-vac (Fig.2e) was used to examine the interaction

of one and two H2O molecules with Si-O-Si bonds, respectively; and, (Fig.2f) 4H Si-vac will be

used to understand how four H atoms (protons) interact with a Si vacancy (Table.1). The 4H Si-
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Figure 3: Initial configurations used for simulating water-related defects in α-quartz that contains substitutional
trivalent-Al and interstitial monovalent-Li atoms: (a) H2O near Al, Li and O vacancy (AlLi O-vac); (b) H2O near Al
and Li (AlLi); (c) H2O near two Al and Li (2Al2Li); (d) H2O near two Al, two Li and O vacancy (2Al2Li O-vac 1);
(e) H2O near two Al, four Li and O vacancy (2Al4Li O-vac); (f) H2O near two Li and O vacancy (2Li O-vac). O
vacancy is indicated with an arrow, while H2O molecules are marked with ovals. Structures were prepared using
VESTA [63].

vac configuration will evaluate if AIMD can reproduce the hydrogarnate structure, i.e.,with four

Si-OH ends, which is often reported in literature concerning “water” defects in α-SiO2 [13, 14].

The next two categories examined the effect of chemical impurities, with or without O2− va-

cancy, on the interaction of interstitial H2O with its surrounding Si-O-Si cage. (We will not include

“ in” in “naming” the second and third category configurations, because all structures contain in-

terstitial H2O). Fig.3 exemplifies configurations considered in the second category, where trivalent
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Figure 4: Initial configurations used for simulating water-related defects in α-quartz that contains substitutional
trivalent-Al, interstitial monovalent (Li) and divalent (Ca and Mg) atoms: (a) H2O near two Al, two Li, one Ca and
O vacancy (Ca2Al2Li O-vac); (b) H2O near Al, Li, Ca and O vacancy (CaAlLi O-vac 2); (c) H2O near two Al, two
Li, one Mg and O vacancy (Mg2Al2Li O-vac); and (d) H2O near two Al, two Li, one Mg, one Mg and O vacancy
(CaMg2Al2Li O-vac). O vacancy is indicated with an arrow, while H2O molecules are marked with ovals. Structures
were prepared using VESTA [63].

Al3+ ions substitute tetravalent Si4+ sites and Li+ monovalent ions occupy interstitial sites. From a

charge balance standpoint, substituting one Si4+ site with a Al3+ results in net, one negative charge

in the structure. Li+ was added to neutralize that charge. One configuration without Al3+ substitu-

tion, and containing Li+ ions and O2− vacancy - 2Li O-vac designation - was also included in the

second category (see Table.1). Fig.4 shows the third category of supercell configurations, where

Ca2+ and Mg2+ divalent ions were added to structures containing prior Al3+ substitution and Li+

interstitial. The selection of Al, Li, Ca and Mg was guided by their relatively high abundance in

α-SiO2 [12, 13, 64]. (In Figs.3 and 4, the bonds between the interstitial Ca2+, Mg2+ and Li+, and

their surrounding are not shown in order to highlight their interstitial nature. This depiction will
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be maintained throughout the manuscript). Finally, we note that our choices were filtered on the

basis of energy considerations (see Sections. 3.1 and 3.2), guidance from extant literature, e.g.,

O2− vacancies are usually the first nearest neighbors of impurity atoms [12, 14], and computational

demands required to perform AIMD simulations involving multi-element configurations.

Lastly, charge neutralization or compensation in W in O-vac, W in Si-vac, 2W in Si-vac,

and AlLi O-vac was not performed by adding ions to the structure (see Table.1, and Figs.2 and 3).

Instead, charge compensation was performed by adjusting the total number of electrons. VASP

implements this via the “NELECT” tag, which assumes a neutralizing background charge.

2.3. Methods for analyzing simulation results

Structures obtained from AIMD simulations were visualized using VESTA, while Ovito was

employed for computing radial distribution functions[63, 65]. All simulations were performed till

energy convergence was achieved, and the last 1ps was conservatively chosen for examining struc-

tures, and computing average internal energy (ïUð) and internal pressure (ïPintð). We demonstrate

the rationale for these choices of time domains to calculate equilibrium conditions within in Fig.5,

which shows internal energy (U) v.s. simulation time for W in and CaAlLi O-vac 2. In the last

1ps (e.g. see shaded region in Fig.5), we found that the structure and pressure remained largely

unchanged.

Thermodynamic stability at 300K was estimated by computing enthalpy of formation, and

defect formation energies of each configuration. Enthalpy of formation (∆Hi
supercell

) was computed
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Figure 5: Plots showing the variation in AIMD-computed internal energy (U) with time for two example configu-
rations at 300K. The shaded region between 4-5ps indicates energy convergence and that system has achieved local
equilibrium. U in that time duration was conservatively used for obtaining average values, and enthalpy of defect
formation

using the formula:

∆Hi
supercell =

1
NTotal

ïHið −

{

nS i

NTotal

ï∆Hdiamond cubic
S i ð +

nO

NTotal

ï∆Hdiatom
O ð +

nH

NTotal

ï∆Hdiatom
H ð

}α−quartz

constituents

−

{

nAl

NTotal

ï∆HFCC
Al ð +

nLi

NTotal

ï∆HBCC
Li ð +

nCa

NTotal

ï∆HFCC
Ca ð +

nMg

NTotal

ï∆HHCP
Mg ð

}

impurities

(1)

where, ï∆Hið is enthalpy of the supercell corresponding to the ith defect configuration; ï...ð rep-

resents average value, and, in general ïHð = ïUð + ïPintð×Vα [41, 66], where ïPintð is the inter-

nal pressure resulting from constraining ith configuration to the volume Vα of pristine α-SiO2 at
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300K (see Section.2.2); ï∆Hdiamond cubic
S i

ð, ï∆Hdiatom
O
ð, ï∆Hdiatom

H
ð, ï∆HFCC

Al
ð, ï∆HBCC

Li
ð, ï∆HFCC

Ca
ð, and

ï∆HHCP
Mg
ð the reference enthalpy of contributing elements in their stable states at 300K and ambient

pressure, i.e., diamond cubic for Si, face-centered cubic (FCC) for Al and Ca, body-centered cubic

(BCC) for Li, hexagonal closed packed (HCP) for Mg, and diatomic molecules for H and O; nS i,

nO, nH, nAl, nLi, nCa, and nMg, are the number of Si, O, H, Al, Li, Ca and Mg atoms, respectively,

present in the ith configuration; and, NTotal = nS i + nO + nH + nAl + nLi + nCa + nMg. Appendix.B

provides a detailed derivation of eq.1. The formulation of eq.1 provides a robust and consistent

framework for comparing configuration energetics with respect to pure elements, only. Impor-

tantly, it quantifies the thermodynamic feasibility of forming such structures as bulk materials at

300K.

However, structures presented in Section.2.2 will likely be present as defects within pristine

bulk α-SiO2 in minute quantities. Therefore, we have estimated defect formation energy at 300K

using the expression:

∆Hi
de f ect =

ïUið

Ni

−
ïUα−S iO2ð

Nα−S iO2

(2)

where, ïUið and ïUα−S iO2ð are the internal energies of the ith defect configuration and pristine

α-SiO2, respectively; while, Ni and Nα−S iO2 are number of atoms within the ith configuration and

defect-free α-SiO2 supercells, respectively. Notionally, eq.2 measures per atom energy differences

with respect to bulk α-SiO2. This energy difference implicitly includes the effect of misfit strain

required to incorporate a defect configuration within a pristine lattice at 300K, because the su-

percell dimensions of defect configurations were constrained to that of pristine α-SiO2. During
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equilibration at 300K, the defect structures will locally expand or contract the surrounding SiO2

cages. Such local deformations will impart pressure/stress to the overall supercell, which is cap-

tured in eq.2; meaning, ∆Hi
de f ect

is implicitly also a function of strain energy. It is worth noting

that such supercell pressure is also incorporated in eq.1 (see Appendix.B). Taken together, eqs.1

and 2 allowed us to reasonably assess the energetics of defect configurations with and without

impurities.

The “global” structure around defects were probed using the radial distribution function (RDF)

[67]:

g(r) =
1

ρNTotal

〈NTotal
∑

m

NTotal
∑

m,n

δ[r − rmn]
〉

, (3)

where, NTotal is the total number of atoms in the supercell, ρ is the density of the supercell (=NTotal

Vα
),

rmn is the distance between centers of mth and nth atoms, r is the distance of shell from a reference

central particle, e.g., the mth atom, and δ is the delta function. Eq.3 allowed us to evaluate the

overall influence of water-related defects on the structure of volume-constrained α-SiO2 at 300K.

3. Results

Simulations results are divided into two subsections, where we will focus on water-related

defects that were equilibrated at 300K. Section.3.1, examines the interaction of interstitial H2O

with O2− and Si4+ vacancies in α-SiO2, and Section.3.2 compares and contrasts such interactions

in the presence of chemical impurities, i.e., Al3+ substitutions at prior Si4+ sites and Li+, Ca2+ and

Mg2+ interstitial cations within volume-constrained α-SiO2.
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Figure 6: AIMD snapshots at 5ps show (a) the presence of interstitial water inside the Si-O-Si cage (W in), and (b)
hydroxyl (OH) groups bonded to four Si atoms, i.e., a hydrogarnate structure (4H Si-vac) [11, 22, 13, 14]. The dotted
lines in panels “a” and “b” represent hydrogen bonds, the solid line in “a” shows the shortest distance between a Si
atom and O in interstitial water.These results demonstrate that interstitial water and hydrogarnate structure are stable
defects at 300K.

3.1. Water defects in pure SiO2 at 300K

Two types of defects were first examined that have received attention in 0K-DFT literature

(employing energy minimization approaches) [20, 19, 21, 22, 14], and, subsequently, compared

them with our AIMD results. Such defects are caused by interstitial H2O, and presence of prior

Si4+ vacancy (also called hydrogarnate and indicated using (4H)×
S i

in literature [10, 13, 14]); here,

we designated them using W in and 4H Si-vac, respectively (see Table.1 and Fig.2 for the de-

scription of initial structures). Fig.6 shows the defect structures with α-SiO2 after equilibrating at

300K for 5ps. Fig.6a shows that a H2O molecule lodged next to Si atom (marked as Si1). The

distance between the O atom in H2O and Si1 (indicated with a black line) varied between 1.88-

2.04Å, within the last 1ps simulation timeframe (shaded region in Fig.5). Crucially, Fig.6a shows

that interstitial H2O does not dissociate at 300K, which is comparable to the static 0K-DFT results

reported by Jollands et.al. [14]. Fig.6b shows a hydrogarnate defect at 300K comprising four
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OH groups - indicated with black arrow heads - that are located near a site of prior Si4+ vacancy

(compare with Fig.2d). In this 5ps snapshot, the OH bond-lengths varied between 0.95-9.98Å,

which is comparable to extant reports [22, 14]. Broadly, Fig.6 demonstrates that our AIMD results

are consistent with literature, and interstitial H2O and hydrogarnate defects are structurally stable

(even for a very short duration) within volume-constrained α-SiO2 at 300K.

Additionally, the literature reports the presence of OH defects within the lattice of α-SiO2 [11,

13]. 0K-DFT studies examined such defects by a priori inserting a vacancy and “appropriately”

protons in the starting, pre-energy minimized, configurations [22, 14]. In fact, the 4H Si-vac

was obtained by placing a Si4+ defect in it’s initial configuration along with four protons (see

Fig.2d). Interestingly, stability of an interstitial H2O located near O2− or Si4+ vacancy was yet

to be examined using DFT-based techniques. Therefore, we have probed the effect of such point

defects on the structural stability of interstitial H2O.

AIMD snapshots of defect structures with prior O2− and Si4+ vacancies are presented in Fig.7a1

(W O-vac) and Fig.7b1-c1 (W Si-vac and 2W Si-vac), respectively. W Si-vac and 2W Si-vac

initially contained one and two interstitial H2O molecules, respectively (see Fig.2). Fig.7a2 and

7b2 shows the bonding character near the defect regions of W O-vac and W Si-vac via excess

charge density (∆ρexcess). This quantity was computed using: ∆ρexcess=∆ρsupercell − ∆ρS i−O [68, 69,

32, 27]; where, ∆ρsupercell and ∆ρS i−O are charge densities in supercells with and without “water”

defects, respectively.

The W O-vac configuration formed two structures after equilibrating at 300K (Fig.7a1). First,

the location of prior O2− vacancy reconstructed to form a Si-Si bond, which is indicated with

Si1-Si2. Such bonds was recently reported in a 0K-DFT study of α-SiO2 structure containing
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Figure 7: AIMD results at 300K showing equilibrated defects structures and bonding character of (a1)-(a2) W O-vac
and (b1)-(b2) W Si-vac. (a1) and (b1) depict simulation snapshot at 5ps, while (a2) and (b2) show excess electronic
charge density (∆ρexcess) using blue colored contours. The isocharge contours were drawn using ∆ρ=±0.001Å−3.
Dotted lines in (a1) and (b1) indicate hydrogen bonds. These results demonstrate that molecular H2O dissociates in
the presence of O or Si vacancies at 300K.

oxygen vacancy [70]. Second, the interstitial H2O dissociated into OH (marked with an ellipse

in Fig.7a1) and a proton (H). The hydroxyl group formed a bridge between Si3 and Si4 atoms,

which also increase their coordination from four-fold to five-fold, i.e., they form multi-dentate co-
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ordinate complex. The locations of OH and the five-fold coordination of Si atoms are comparable

to a Griggs defect [7, 8, 9, 14]. The remaining proton from the prior H2O was “bound” to Si1

(marked with a black line). Fig.7a2 shows a magnified view of W O-vac along with ∆ρexcess con-

tours (colored blue). The excess charge density was localized near the bridging bond Si1-OH-Si2

and Si1-H; meaning, the dissociated remnants of interstitial H2O are chemically bonded to the

surrounding Si atoms. We represent this O2−-mediated H2O dissociation mechanism as:

Griggs de f ect f ormation : 2S iO2 + OH− → O2S i + OH− + S iO2 (4)

Proton localization : S iO2 + O2−S i(O2−vacancy) + H+ → OS i(H) + S iO2 (5)

In case of Si4+ vacancy (e.g.,W Si-vac configuration; Fig.7b), the H2O dissociation mechanism

differed significantly compared to W O-vac. W Si-vac configuration presented in Fig.7b1 shows

that the resulting defect is comprised of two terminating hydroxyl groups or Si-OH bonds (marked

with ellipses), and a bridging O-O-O bond (marked with arrows) between two Si atoms (indicated

as Si1 and Si2). The Si-OH bonds represent another type of Griggs defect [7, 8, 9, 14]. ∆ρexcess

contours presented in Fig.7b2 shows that excess electrons are localized near Si-OH and Si1-O-

O-Si2 bonds (marked with arrows), and between on Si-OH one of the O atoms (dotted line in

Fig.7b1 and 7b2). These ∆ρexcess contours indicated that dissociation of a single H2O near Si4+

vacancy forms a chemically interconnected defect structure (somewhat comparable to Fig,7a1).

The presence of both Si-O-O-Si and Si-OH bonds are particularly interesting, because, they can

potentially result in peroxide-like center, i.e., -O-O-H, within the constrained α-SiO2 lattice. Such
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centers was previously postulated by Jollands et.al. [14]. We have examined this matter using

two H2O molecules near a Si4+ vacancy (see 2W Si-vac in Fig.7e), because it provided extra

oxygen and hydrogen. Fig.7c shows the equilibrated 2W Si-vac configuration, and it comprises

the expected Si-OH (marked with ellipses), and two Si-O-O-H bonds with peroxide-like centers

(marked with arrows), which are connected to Si1 and Si2 atoms.

Next, we compare and contrast the energetic stability of equilibrated defect configurations in

pure α-SiO2, which are shown in Fig.6 and 7, and those listed in Table.1. Their thermodynamic

stability was quantified using enthalpy of formation (∆Hsupercell in eq.1), and the computed val-

ues are presented in Fig.8a. In the plot, “W” and “2W” refer to one and two interstitial H2O,

respectively, while “ 1” and “ 1” indicate two different starting configurations for the same defect

(also see Fig.2 and Table.1). Two key observations were noted from Fig.8a: First, defects caused

by interstitial water molecules (W in and 2W in), defects mediated by O2− (W O-vac) and Si4+

(W Si-vac and 2W Si-vac), and hydrogarnate (4H Si-vac 1 and 4H Si-vac 2) all have negative

∆Hsupercell - meaning, all defect configurations are energetically stable. In other words, they can

exist (or coexist) in constrained α-SiO2. Second, the defects formed by O2− vacancies and pure

α-SiO2 have comparable energetic stability (∆HW O−vac
supercell

≈ H
α−quartz

supercell
), and they are more stable than

the defects formed by interstitial H2O and Si4+ vacancies. Summarizing their relative energetic

stability:

W O − vac > W in ≈ 2W in >

4H S i − vac 1 ≈ 4H S i − vac 2 > W S i − vac ≈ 2W S i − vac

(6)

The energetic stability indicated via Fig.8a and eq.6 correspond to bulk materials. This is be-
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Figure 8: (a) Bar chart comparing the enthalpy of formation (∆Hi
supercell

) of different configurations in pure α-quartz.
Dotted line shows the energy level for pure α-quartz. (b) Bar chart comparing defect formation energies (∆Hde f ect) of
different configurations.

cause our simulations enforce periodic boundary conditions, and, from a computational point of

view, those configurations represent high density of defects within α-SiO2 (see Table.1, Figs.6
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and 7). However, experimental observations indicates that such defects are present in very mi-

nor quantities, i.e., parts per million (ppm); meaning, these configurations are embedded inside

macroscopic α-SiO2 crystal [7, 8, 9, 10, 11, 12, 13, 14, 15]. Therefore, it is also useful to compare

their defect formation energies to examine their stability relative to the defect-free structure.

For this purpose, we have computed the internal energies of defect configurations by constrain-

ing supercell dimensions to that of pristine α-SiO2 lattice, i.e. volume constraining. Subsequently,

configurational energies were compared against strain-free pristine lattice at 300K, using eq.2

(Section.2.3). Volume constraints introduces internal strains [68, 24, 71], and increases the overall

energy compared to pristine structure. This tendency is depicted in Fig.8b, which shows positive

values of defect energies for all configurations; as expected. Interestingly, we find that W O-Vac

has the highest defect energy, which suggests that this defect will introduce more lattice strains

compared to other defect-types considered in Fig.8b. Furthermore, several factors will contribute

to the higher defect energy of W O-Vac. It is rather difficult to estimate defect energies for chem-

ically complex systems - as listed Table.1 and depicted in Figs.2-4. We have employed eq.2 to

compute defect energies by using pristine α-SiO2 as reference. A complete estimation may re-

quire other reference structures, as well, which may change the relative values. This matter will be

further highlighted in Section.3.2, where we will examine the effect of impurities on the energetics

and structure of water-related defects. However, for defects in pure quartz (without impurities),

eq.2 provides a reasonable estimate. Lastly, the presence of W O-Vac defects due to O2− vacan-

cies is plausible for three reasons: first, the presence of such a vacancy is strongly suggested by

experimental observations [12]; second, charged O2− vacancies are microscopically neutralized by

protons that are usually present within the interstitial sites of the quartz lattice [72, 73, 13]; and,

23



third, impurities can lower the energy of W O-Vac-like defects. The last point will be investigated

in detail in Section.3.2.

Fig.8b also showed that interstitial water (W in) had the lowest defect formation energy at

300K. It is likely that our simpler formulation could have underestimated its value. However, the

energy values of W in (Fig.8) point towards a broader point - the stability of interstitial water in α-

SiO2. In the past, Rosa et.al. concluded that α-quartz may contain interstitial water molecules[22].

They utilized a 0K-DFT defect energy formulation that explicitly included energetic contribution

from water [22]. However, their 0K-DFT simulations did not incorporate volume constrains. Lat-

ter, Jollands et.al. examined a comparable structure by employing 0K-DFT and computing the

corresponding infrared (IR) spectrum [14], and arrived at a different conclusion. They found that

frequencies generated by interstitial water were compatible with experimental observations [14];

meaning, water molecules may exist within the interstitial sites of α-quartz. Therefore, taken to-

gether, Jollands et.al. 0K-DFT results and our 300K AIMD observations suggest that the presence

of interstitial water is at least thermodynamically feasible. (Although, kinetics of water absorp-

tion, i.e., uptake, may limit the presence of molecular water within α-quartz in detectable quan-

tities [74].) Importantly, these results motivate further theoretical development of defect energy

formulations for such covalently bonded materials. Later in Section.3.2, we show that substitu-

tional (Al3+) and interstitial (Li+, Ca2+, and Mg2+) impurities can energetically stabilize interstitial

water; even in the presence of a O2− vacancy.

We conclude this section by showing how water-related defects change the local structure of

α-SiO2. Fig.9 plots the radial distribution function (RDF) of different defect configurations, along

with control α-SiO2. Its structure is characterized by distinct peaks in the RDF - a key indicator
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Figure 9: Plots of radial distribution function g(r) show the effect of defects on the structure of α-quartz at 300K.
The g(r)-pair separation distance plots were obtained from the 5ps snapshots of each configuration. Smallest peaks
correspond to Griggs defects and interstitial water, and they are indicated with a shaded column. These results show
that water-related defects discernible affect the higher order coordination shells in α-quartz.

of crystalline structure [75, 67, 42, 76, 77, 27]. For example, Fig.9 shows peaks corresponding

to 1st, 2nd, 3rd and 4th coordination shells α-SiO2 via dotted lines. A key difference between

defect configurations and control α-SiO2 is the presence of a small peaks within 0.96-0.98Å:

They are related to either Griggs defect (W O-Vac, 4H Si-vac, and W S-vac) or interstitial water

(W in). Other prominent peak positions of defect configurations are comparable to 1st and 2nd
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order coordination shells, which correlate to Si-O, S-H and O-H (hydrogen bonding between H

and O) bond lengths. However, defect configuration peak positions start to deviate from the 3rd

coordination shell of α-SiO2 (compare with 4H Si-vac), and are noticeably different for higher

order coordination shells. For example, the lower-energy W O-Vac and W in configurations do

not manifest well-defined, higher order peaks compared to α-SiO2. These differences suggest that

water-related defects limit long range ordering, but retain short-range ordering (corresponding to

the 1st and 2nd order coordination shells). This reduction in long-range structural ordering can be

further affected by substitutional and interstitial species that have larger atomic radii than Si, O

and H. Consequently, we have probed the effect of larger atoms on the energetics and structure of

water-related defect configurations in Section.3.2.

Summarizing, our AIMD examination of “pure” α-SiO2 revealed that defects produced by O2−

vacancy was energetically comparable to the pristine lattice, e.g., W O-vac in Fig.8a. Furthermore,

O2− vacancy formation requires a smaller energetic penalty than Si4+ [78, 70], because, notionally,

the former requires breaking two Si-O bonds while the latter involves four Si-O bonds. However,

simple O2− vacancy without substitution may lead to a build-up of strain that, after formation,

would decrease the overall stability of lattice when relative to α-quartz, at least compared to other

defects. In sum, they imply that O2− vacancy are more prevalent than Si4+, and, consequently, O2−

vacancies will more likely contribute towards forming water-related defects in α-quartz. Next, we

consider the effect of impurities on defect energetics.
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3.2. Effect of substitutional and interstitial species on water-related defects at 300K

For this purpose, we substituted Si4+ with Al3+ ions, and added appropriate number of charge

compensating Li+, Ca2+ and Mg2+ to the interstitial sites; specifically, Ca2+ and Mg2+ was added

to prior Al3+ and Li+ containing α-SiO2 (see Fig.3 and 4, and Table.1). Furthermore, we will focus

on examining their effects in the presence of an O2− vacancy. This choice of combining three kinds

of point defects,i.e., O2− vacancy, substitutional, and interstitial, was guided by findings reported

Stenina [12]. By employing TEM of natural quartz, they suggested that trivalent cations in con-

junction with O2− vacancies, and monovalent and divalent ions can stabilize “water” (in interstitial

or OH form) within α-SiO2 lattice (see Fig.12 in [12]). Therefore, 300K-AIMD equilibration

of configurations involving impurity atoms, presented in Fig.3 and 4, will provide energetic and

structural insights that could not be obtained from TEM, only.

The bar plot presented in Fig.10a shows the effect of chemistry on the enthalpy of forma-

tion (∆Hsupercell) of different defect configurations. All configurations had negative ∆Hsupercell -

meaning, they are thermodynamically stable at 300K. To better understand their relative energetic

stability Fig.10a was divided into two categories: One comparing structures containing Al3+ sub-

stitutions and Li+ interstitials (AlLi-based), and the other after adding Ca2+ or Mg2+ interstitials to

energetically stable AlLi-based configurations. The AlLi-based structures also included “2Al2Li”

and “AlLi” configurations that were without O2− vacancy, and a structure without Al3+ containing

two Li+ interstitials and O2− vacancy, i.e., 2Li O-vac. We will first discuss the energetics and

structure of AlLi-based configurations.

Among the AlLi-based structures, AlLi O-vac was energetically most stable and was followed

by 2Al2Li. Interestingly, our results show that AlLi O-vac and 2A2Li O-vac was more stable than
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Figure 10: (a) Bar chart showing the effect of substitutional (Al) and interstitial (Li, Mg, Ca) atoms on the enthalpy
of formation (∆Hi

supercell
). “ O-vac” denotes the presence an O vacancy in the initial structure. Dotted line shows the

energy level for pure α-quartz. The defects structures containing larger Ca interstitial ions appears to be energetically
more favorable than the smaller Li and Mg. (b) Bar chart comparing the effect of substitutional (Al) and interstitial
(Li, Mg, Ca) atoms on the defect formation energy (∆Hi

de f ect
).
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pristine α-SiO2 (control) at 300K, i.e., ∆HAlLi O−vac
supercell

< ∆H
α−quartz

supercell
and ∆H2Al2Li O−vac

supercell
< ∆H

α−quartz

supercell
,

while 2Al2Li was nominally comparable to the control specimen, i.e. ∆H2Al2Li
supercell

≈ H
α−quartz

supercell
. Note,

2Li O-vac had the lowest stability in this category. Taken together, these results underscore the

combined influence of substitutional Al3+, interstitial Li+, and vacant O2− sites on the thermody-

namically stabilizing water defects in α-SiO2. The relative stability of AlLi-based configurations

are summarized below:

AlLi O − vac > 2A2Li O − vac > 2A2Li >

AlLi ≈ 2Al4Li O − vac ≈ Al3Li O − vac 1 >

Al3Li O − vac 2 > 2Li O − vac

(7)

We have also examined the effect of substitutional (Al3+) and interstitial (Li+, Ca2+, and Mg2+)

impurities on defect formation energies by using eq.1a (see Fig.10b). As mentioned earlier, it is

difficult to derive or postulate a generalized expression for computing defect formation energies,

because of the diversity of chemical species considered in this study. Such an expression may

involve energies of naturally occurring oxides and hydrides of Al, Li, Ca and Mg as references,

together with formation energies of charged vacancies, i.e. O2− and Si4+. This will increase

computational complexity, especially for AIMD, because that would require us to incorporate

both long ranged van der Waals interactions and appropriate Hubbard constants [79, 53]. Such

computationally intensive study is beyond the scope of current investigation, and is the subject of

a separate effort.

Notwithstanding, application of our simple formulation (eq.2), and resulting plot depicted in
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Fig.10b, provided a key insight into effect of impurities on defects containing O2− vacancy. Fig.10b

show that defects with low impurity content and O2− vacancy have a higher ∆Hi
de f ect

values, e.g.,

AlLi O-vac and 2Al2Li O-vac. However, increasing impurity content and impurity type (Ca and

Mg) reduces the defect formation energies. It implies that such additions reduce internal strains,

and, by extension, strain energy. Such reduction may manifest as change in the local structure,

e.g. rupture or distortion of bonds between SiO2 tetrahedra, reduction in ordering, and the like.

Structures of water-related defects with impurities are described next.

Fig.11 presents the equilibrated structures of the first three stable configurations in eq.7, i.e.,

AlLi O-vac (Fig.11a), 2A2Li O-vac (Fig.11b), and 2A2Li (Fig.11c); and their corresponding

RDFs (Fig.11d). The structures of AlLi O-vac and 2A2Li O-vac show that prior O2− vacancy

facilitates in the dissociation of interstitial H2O inside the α-SiO2 lattice, which is comparable to

the “pure” defect configuration presented in Fig.7a1, i.e., W O-vac. In case of AlLi O-vac, the two

protons are located next to Si atoms (Si1 and Si2) that were located next to the prior O2− vacancy

(see Fig.2a), and the oxygen atom in H2O - marked O1 - was “consumed” by the surrounding cage

by forming an bridge between the substitutional-Al and Si3. Specifically, this atom shifted the

prior oxygen atom - marked O2 -, that previously bridged Si3 and Al, to a new position next to

Si4. (Also worth noting that equilibration formed a bond between Si1 and Si2). In other words,

H2O dissociation structurally and chemically altered the neighborhood of impurities in AlLi O-

vac configuration. Such impurity-centered alterations were also evident in 2A2Li O-vac, but with

two key differences compared to AlLi O-vac. In 2A2Li O-vac, H2O dissociated into a hydroxyl

group (attached to Si1) or Griggs defect, and a proton next to another Si atom (marked Si2). In

some locations, several interconnecting M(Si or Al)-O-Si bonds were missing - indicated using
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Figure 11: Equilibrated structures of water containing α-quartz, where Si is substitute by trivalent-Al and monovalent-
Li located at the interstitial sites. AIMD snapshots at 5ps of (a) AlLi O-vac with O vacancy, (b) 2Al2Li O-vac with O
vacancy at and (c) 2Al2Li without O vacancy at 300K. Bonds between the interstitial Li+ and its surrounding are not
shown in order to highlight their interstitial nature. (d) compares the radial distribution function of the three defect
configurations. The dotted line in panel “d” shows third order coordination shell in pure α-quartz at 300K.

an ellipse. In stark contrast to both configurations, H2O in 2Al2Li (with O2− vacancy) remained

undissociated, where the molecule was lodged next to a Si lattice site- comparable to W in. Fur-

thermore, the Si-O-Si bonds within α-SiO2 lattice remained unbroken, albeit distorted compared

to the pristine structure at 300K.

The structure of the three configurations, AlLi O-vac, 2Al2Li O-vac , and 2Al2Li, were also
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examined using RDFs. Plots presented in Fig.11d compares their RDFs with control α-SiO2.

AlLi O-vac did not show an OH peak at 0.96-0.98Å (shaded region in Fig.11d), due to the absence

of either OH or H2O in its configuration (see Fig.11a). However, 2A2Li O-vac , and 2A2Li

manifested those peaks because they contained a Griggs defect and interstitial H2O, respectively.

RDFs of AlLi O-vac and 2A2Li O-vac were discernibly different from control α-SiO2 after ∼3.1Å

(marked with dotted line). For example, AlLi O-vac multiple peaks, while they were barely visible

in 2A2Li O-vac. These differences point towards local deviations in the structure of Si-O-Si cages.

Interestingly, the peaks in 2Al2Li were somewhat comparable to α-SiO2; although peak slitting

was noted in the second coordination shell of 2Al2Li. Taken together, these results reveal that

dissociation of H2O disrupts the local coordination and structure of α-SiO2. Comparison with

W O-vac (see Fig.9) shows that such structural disruptions are further exacerbated by the presence

of substitutional and interstitial point defects.

Next, using eq.7 as guide, we incorporated interstitial Ca2+ and Mg2+ (both individually and to-

gether) in the initial structures of AlLi O-vac and 2A2Li O-vac. Enthalpy of the equilibrated struc-

tures are shown in Fig.10a (green colored bars). The relative stability of Ca2+/Mg2+-incorporated

AlLi-based configurations were:

Ca2Al2Li O − vac > CaMg2A2Li O − vac > Mg2A2Li O − vac >

CaAlLi O − vac 2 > CaAlLi O − vac 1 >

MgAlLi O − vac 2 > CaMgAlLi O − vac 2 > MgAlLi O − vac 1

(8)

Ca2Al2Li O-vac is energetically the most stable structure at 300K among all the configurations ex-
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Figure 12: AIMD snapshot at 5ps compares the equilibrated structure of (a) Ca2Al2Li O-vac , (b) CaMg2Al2Li O-
vac, and (c) Mg2Al2Li O-vac at 300K. (d) compares the radial distribution function of the three defect configurations.
Bonds between the interstitial Ca2+, Mg2+ and Li+, and their surrounding are not shown in order to highlight their
interstitial nature. The dotted lines in panel “d” show second order coordination shell in pure α-quartz at 300K. The
lack of distinct peaks corresponding to the higher order coordination shells in Ca2Al2Li O-vac, CaMg2Al2Li O-vac
and Mg2Al2Li O-vac indicates loss of long-range order.

amined in this work; it is more stable than AlLi O-vac and 2A2Li O-vac, and pristine α-SiO2 (dot-

ted line in Fig.10a). Broadly, we find that incorporation of interstitial Ca2+ tends to form energeti-

cally more stable defect configurations compared to Mg2+ and Li2+ alone. We have further exam-

ined the structures of three most stable configurations in eq.8a. Fig.11a-c shows the structures of
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Ca2Al2Li O-vac, CaMg2A2Li O-vac, and Mg2A2Li O-vac, respectively, and, Fig.11d compares

their RDFs with control. CaMg2A2Li O-vac contained Griggs defect, while CaMg2A2Li O-vac

and Mg2A2Li O-vac retained interstitial water. The latter two structures - shown in Fig.12a and

12b - are comparable to the “aqua complex” defect that was proposed by Stenina using TEM ob-

servation of natural quartz [12]. That study proposed that interstitial water is stabilized by the

presence of substitutional and interstitial ions, and oxygen vacancies: CaMg2A2Li O-vac and

Mg2A2Li O-vac satisfies all these conditions. Therefore, it is not surprising that they are more

energetically favorable than W in (Fig.8 and Fig.10a), and among the more stable within the con-

figurations employed in this study.

Furthermore, a careful examination of the three substitutional and interstitial defect structures

show that SiO4
4− tetrahedra around the substitutions are disconnected from the adjoining tetrahe-

dron. Examples of such disconnections are indicated using ellipses in Fig.11a-c. Another instance

of “broken” bonds was seen in CaMg2A2Li O-vac: the two Si atoms (Si1 and Si2), with a prior

O2− vacancy, did not form a bond after 5ps at 300K. These structural disruptions - specifically in

case of SiO4 tetrahedra - is indicative of ordering till first or second nearest neighbors, but loose

structural integrity at higher order coordination shells. This matter is highlighted in the RDFs

presented in Fig.12d. Here, RDFs of three structures were substantially different from the control

specimen after second nearest neighbor shell (see dotted line). Ca2Al2Li O-vac tends to show

several high order peaks with substantially differing positions compared to control α-SiO2. On

the other hand, such peaks in CaMg2A2Li O-vac, and Mg2A2Li O-vac were barely visible com-

pared to the background. Taken together, these RDFs reveal that incorporation of interstitial and

substitutional point defects, along with water (dissociated or not), in α-SiO2 results in local loss
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of long-range crystalline ordering of the host lattice. Stenina showed that such water defects can

produce local amorphization within quartz [12], and our AIMD results - presented in Figs.10a and

12 - rationalizes their observation on the basis of energetics, structure and chemistry.

4. Discussion

The major finding of this work is that water can exist within α-SiO2 lattice in multiple, en-

ergetically favorable defect configurations (Figs.8a and 10a). In fact such water-related defect

configurations are further stabilized in the presence of substitutional (e.g., Al3+ replacing Si4+)

and interstitial (e.g., Ca2+, Mg2+ and Li+) point defects. Table.2 list all the α-SiO2-based config-

urations examined in this study (also see Table.1), and the corresponding water defects. Prior to

this study, these structures were posited based on infra-red spectroscopy and transmission electron

microscopy observations, but there were limited studies on gaining physics-based understanding

of water-related defect structures [7, 8, 9, 10, 15, 18, 12, 13, 20, 19, 21, 22, 14].

Broadly, five categories of water defects were identified in our simulations that can exist

volume-constrained α-SiO2 at 300K: (I) molecular water present at the interstitial sites: (II) hy-

droxyl (OH−) group attached directly to individual Si and as a bridge between Si atoms (Figs.6),

i.e., Griggs defect [7, 8, 9, 14]; (III) “free” protons (H+) located near Si lattice sites (Figs.6 and

11); and (IV) -O-O-H peroxide-like bonds attached to Si atoms (Figs.6 ); and (V) -O-O-O- con-

necting two Si atoms (Figs.6 ). Substitutional and interstitial ions and oxygen vacancy stabilizes

molecular water within α-SiO2 lattice - defect (I). We also found that O2− or Si4+ vacancies facili-

tated the dissociation of molecular water and helped in the formation of defects (II)-(V), e.g., see

Figs.6b, 7, 11a-b, and 12a-b. Defects formed only by O2- vacancies with limited further substi-
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Table 2: List of defects found in each configuration after equilibration at 300K. Here, H2O indicates interstitial water,
OH− Griggs defect, and H+ detached proton. Unless indicated otherwise most configurations contained one interstitial
water molecule in their initial configuration.

Configuration H2O dissociation Defect type a

W in N (1) H2O (Interstitial)
2W inb N (2) H2O (Interstitial)
W in O-vac Y (1) OH− (Griggs), and (1) H+ (Proton)
W in Si-vac Y (2) OH− (Griggs), and (1) O-O-O (O bridge)
2W in Si-vacb Y (2) OH− (Griggs), and (2) O-O-H (peroxide-like)
4H Si-vac 1c Y (4) OH− (Griggs)
4H Si-vac 2c Y (4) OH− (Griggs)
AlLi N (1) H2O (Interstitial)
AlLi O-vac Y (2) H+ (Proton), and O2− was consumed within the sur-

rounding cages formed by Si-O-Si and Si-O-Al
2Al2Li N (1) H2O (Interstitial)
2Al2Li O-vac N (1) H2O (Interstitial)
2Al4Li O-vac Y (1) OH− (Griggs), and (1) H+ (Proton)
Al3Li O-vac 1 Y (1) OH− (Griggs), and (1) H+ (Proton)
Al3Li O-vac 2 Y (1) OH− (Griggs), and (1) H+ (Proton)
2Li O-vac N (1) H2O (Interstitial)
Ca2Al2Li O-vac N (1) H2O (Interstitial)
CaAlLi O-vac 1 N (1) H2O (Interstitial)
CaAlLi O-vac 2 Y (1) OH− (Griggs), and (1) H+ (Proton)
Mg2Al2Li O-vac N (1) H2O (Interstitial)
MgAlLi O-vac 1 N (1) H2O (Interstitial)
MgAlLi O-vac 2 Y (1) OH− (Griggs), and (1) H+ (Proton)
CaMg2Al2Li O-vac Y (2) OH− (Griggs)
CaMgAlLi O-vac 2 Y (1) OH− (Griggs), and (1) H+ (Proton)

a Number of defects are indicated inside the parenthesis. b Contained two water molecules in the initial configuration.
c Interstitial water was not present in the initial configuration.

tutions led to large energetic differences from α-quartz, indicating lattice strains. This is despite

their overall lowest energy of formation. Such vacancies, then, may be preferentially deformed

or reacted with other defect types. Using Table.2, the quantified the number frequency of five de-

fect types, and their relative fractions are plotted in Fig.13. It shows that Griggs defect (i.e., OH−

group) had the highest fraction (∼50%), followed by interstitial water and protons at comparable

concentrations (∼20%). Comparatively, peroxide-like and O-bridging fractions were lower by an

order of magnitude. Thus, our simulations provide a subjective guideline on the relative abundance
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of water-related defects in quartz-based minerals; albeit limited by the number of configurations

examined in this study.

Figure 13: Bar chart showing the frequency distribution of water-related defects determined from all the configura-
tions examined in this study.

The high fraction of OH-based Griggs defects - in Fig.13 - are consistent with their relative

abundance observed in experimental observations [11, 13, 14]. They are typically detected using

infrared-based (IR) spectroscopy, where the measured spectra is proportional to the sampling vol-

ume. Therefore, higher fractions of hydroxyl groups will manifest as a prominent peak, and may

“hide” signals from other defects, i.e., -O-O-H and -O-O-O-. Signals emanating from OH bond

vibrations in molecular water can also add to peaks corresponding to Griggs defects. Therefore,

AIMD simulations carried out relevant temperatures (compared to 0K-DFT) and pressures can

complement experimental observations by uncovering energetically favorably, plausible water-

related defects.
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Also worth noting are the presence of protons within α-SiO2 lattice (e.g., see Figs.7a and 11a),

which has two implications in the context of water dissociation. First, protons can diffuse through

the host lattice at higher temperatures [72, 73], and locally neutralize any charge balance without

hindering structural changes, e.g. chemical reaction events. An example of such an event is the

dissociation of molecular H2O in the presence of charge centers, like O2− and Si4+ ion vacancies.

Protons can diffuse through the host lattice high temperatures and locally neutralize. Second,

recently it was reported that molecular hydrogen (H2) can exist in earth’s iron-rich mantle [80].

It is thought that H2 production is facilitated by the dissociation of water molecules that are in

contact with iron-rich minerals [80]. Vacancy mediated water dissociation could be a potential

mechanism for explaining such naturally occurring process. However, this mechanism remains to

be interrogated in as a function of thermodynamic variables.

This study opens door for studying the impact of water on the behavior of silicate anhydrous

minerals, particularly quartz, at the atomistic level. The amount of water and the nature of defects

in silicate rocks, i.e., polycrystalline assemblages of silicate minerals, has been correlated to a wide

range of behaviors. At low temperatures and stresses, these include water-weakening of silicate

rocks via stress corrosion and fatigue properties [81, 82, 83, 84], rates of chemical weathering ,

and the brittleness of the rock [85, 86, 87, 88, 89]. Deeper in the crust, water content allows ductile

deformation to begin at lower temperatures and stresses than truly dry materials [90, 91, 92, 93] .

Water content is also related to a decrease in melt temperatures, helping to drive the movement of

refractory and volatile elements up from depth [91]. Additionally, the presence of water in defects

has been posited as a possible source of water throughout its body early in Earth’s history and in

extraterrestrial bodies [94, 95, 96, 97].
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While our simulations were performed at nominally 300 K, they are already indicative of some

of the mechanisms causing these behaviors. We observed that all water-related defects are thermo-

dynamically stable – all are predicted to be able to form as observed. We have outlined how they

can be stable and their relative stability, which provides confirmation of the thermodynamic pos-

sibility of nominally anhydrous minerals bearing water early in Earth’s history. Water in oxygen

vacancies, the presence of interstitial water, oxygen vacancies with Li and Al replacement, and all

divalent replacements lead to the disruption of third order and higher coordination. By creating a

far-field amorphous region, these water-related defects enhance the onset of both stress concen-

trations and possibly the onset of ductile deformation at 300 K. Similarly, this loss of far-field

structure may allow more rapid dissolution/precipitation kinetics as observed in other anhydrous

silicate minerals [98, 99].

5. Summary

Ab initio molecular dynamics (AIMD) simulations were performed at 300K to examine the

stability of water molecules inside volume-constrained α-quartz. Several configurations were ex-

amined by incorporating point defects within equilibrated α-quartz lattice maintained at fixed vol-

ume. Specifically, we examined the stability of an interstitial water molecule in the presence of O

and Si vacancies, substitutional Al, and interstitial Ca, Mg and Li ions. These configurations were

characterized computing their enthalpy of formation, analyzing their effects on the neighboring

structure and frequency of occurrence. Our main findings are as follows:

1. Energetic considerations indicated that oxygen vacancies, substitutional Al, and interstitial

Ca, Mg and Li ions permits the presence of molecular water within the interstitial sites of
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volume-constrained-α-quartz.

2. Interstitial water also demonstrated a strong tendency to dissociate in the presence of O

and Si vacancies. Four types of dissociation products was uncovered from our simulations:

hydroxyl (OH−) or Griggs defects, proton (H+), peroxide-like (-O-O-H), and bridging-O

between SiO4
4− tetrahedra.

3. Griggs defects were most prevalent among all the volume-constrained configurations exam-

ined in this study. It formed in substantially greater quantities than interstitial water and

protons, while -O-O-H and bridging-O were minimally present.

4. Addition of Ca, Mg and Li to the interstitial sites substantially distorted the host α-SiO2

lattice. In the extreme case, it resulted in the disruption of long range ordering of the

host structure, but retained short-to-medium range ordering to the second nearest neighbor.

Notwithstanding, these substitutions yielded energetically favorable water-related defects.
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Appendix A. Structural properties obtained from 0K-DFT of α-quartz

Table .3: Summary of structural properties of α-quartz obtained from energy minimization.

Structural parameters This work Literature (DFT)∗ Experimentald

a (Å) 5.02 4.98a, 5.01b 4.92
c (Å) 5.51 5.46a, 5.51b, 5.55c 5.41

Si-O (Å) 1.63 1.63a, 1.63c 1.61
∠Si-O-Si (◦) 147.03 143.3a, 147.9c 143.7
∠O-Si-O (◦) 108.3-110.5 108.1-110.6a 108.8 - 110.5

∗ Uses hexagonal lattice. a [22]. b [14]. c [62]. d [60].

Table..3 shows that our DFT-computed structural parameters are in reasonable agreement with

extant DFT studies that used GGA-PBE approach [22, 14, 62], and experimental data [60].

Appendix B. Derivation of Equation No.1 in Section.2.3

We start with the classical thermodynamics definition for enthalpy [66]:

Hi = Ui + Pint
i Vi, (9)

where, Hi is enthalpy, Ui internal energy, Pint
i

internal pressure and Vi volume of the system cor-

responding to the ith configuration after they are equilibrated at 300K (e.g., see Figs.6, 7, 11 and
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12). Taking differential of eq.9 gives,

dHi = dUi + Pint
i dVi + VidPint

i . (10)

AIMD simulations were performed using the NVT ensemble (i.e., dVi=0), where supercell, corre-

sponding to the ith configuration, was constrained to the equilibrated volume of α-quartz supercell;

meaning, Vi = Vα. These simulations also calculate the external pressure (Pext
i

) at each time step,

and one can assume the following equivalence at equilibrium (e.g. see Fig.5 in Section.2.3): Pint
i

+ Pext
i
= 0. Taken together, eq.10 can be rewritten:

dHi = dUi − VαdPext
i . (11)

Integrating eq.11 and taking average over several time steps gives the change in enthalpy of the ith

configuration:

ï∆Hið = ï∆Uið − Vα(ïPext
i ð − ïP

ext
α ð), (12)

where, ï...ð is the ensemble average, ï∆Uið is essentially the Hamiltonian that is obtained by adding

the AIMD-computed potential (ïVð) and kinetic (ïKEð) energies, i.e., ïUð = ïVð+ïKEð [41],

ïPext
i
ð is the average external pressure on the supercell of the ith configuration, and ïPext

α ð the refer-

ence external pressure obtained after equilibrating α-quartz at 300K. We computed that ïPext
i
ð∈[-

3.7,5.6] and ïPext
α ð=0.01 (units in GPa).
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Next, we define the heat of formation of an ith configuration supercell as,

∆Hi
supercell =

1
NTotal

ï∆Hið −
∑

k=S i,O,H,Al,Li,Ca,Mg

nk

NTotal

ï∆Hkð. (13)

Eq.13 essentially calculates that change in energy that results after forming the structure cor-

responding to the ith configuration (product) by “bringing together” relevant k elements (reac-

tants): Eq.13 is based on a well-known formulation used for quantifying reaction energetics

∆H = ∆Hproduct −
∑
∆Hk

reactants [100]. Next, substituting eq.12 in eq.13 gives,

∆Hi
supercell =

1
NTotal

[(ïVð + ïKEð) − Vα(ïPext
i ð − ïP

ext
α ð)] −

∑

k=S i,O,H,Al,Li,Ca,Mg

nk

NTotal

ï∆Hkð, (14)

where, NTotal is the total number of atoms present in the supercell cell, nk number of atoms of

kth element, and ïHkð is enthalpy of the k element in its stable structure at 300K. The dimensions

of supercells containing the pure elements were systematically adjusted to a nominal external

pressure of ∼0GPa. However, we have applied eq.11 to account even at pressures for computing

their enthalpy, e.g., Pext
i
∈[-0.5,0.08] (GPa units). Notionally, eq.14 describes the energy required

to form the supercell structures by bringing together all relevant elements that are at equilibrium

under nominally ambient conditions, i.e., 300K and ∼0GPa (1atm = 1.01325×10−5 GPa).
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