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Abstract

Understanding the structure and reactivity of quartz-water interfaces is critical for numerous
applications in the geological, environmental, and biological sciences. However, disagreements on
the atomic-level structure of the interfaces between experiments and simulations are hampering
our ability to predict the surface reactivity. Here, we used density-functional tight-binding
(DFTB)-based molecular dynamics to simulate a series of quartz (101) surfaces having different
types and densities of surface defects in water and compared them with the structures determined
by X-ray reflectivity measurements. The DFTB simulations are able to reproduce previous
classical and quantum mechanical predictions of the pristine quartz (101)-water interface that
disagree with experimental observations. To remedy this situation, a set of defective quartz
surfaces having various surface silicon (Si) vacancies were built as indicated by recent
experimental studies. We found that the rotation of surface [SiO4] tetrahedra near Si vacancies can
lead to outward displacements of Si atoms similar to those observed in the experiments. The
presence of additional surface Si vacancies caused inward relaxations of terminal oxygens through

the formation of hydrogen bonds. The overall results indicate that the quartz (101)-water interface
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may include a mixture of geminal ( = Si-(OH),) and vicinal ( = Si-OH) type silanol groups together

with the presence of surface Si vacancies.

Introduction

Quartz is a common mineral phase that contributes to a major portion of the Earth crust and is an
important material used in the construction industry and in analytical chemistry!-3. Understanding
the structure and dynamics of hydrated quartz surfaces is crucial for a wide spectrum of
fundamental processes, such as dissolution/growth of silicates, uptake/release of toxic metals in
subsurface environments, biosensing, and surface catalysis*’. The surface charge of quartz plays
a central role in interfacial reactions, intimately linked to the dynamic structure of surface silanol
(=Si-OH) groups®. Tuning of the surface charge can be achieved by protonation/deprotonation of
hydroxyl groups at the silanol sites®. Second harmonic and sum frequency generation (SHG, SFG)
measurements have revealed the presence of two different surface silanol groups with acidities of
pK, = 4.5 and pK, = 8.5, respectively, on both amorphous silica and quartz (100) surfaces!%-'2.
First principles density functional theory (DFT)-based molecular dynamics (MD) simulations
equally observed two types of hydrogen-bonding environments for silanol groups on the quartz
(100) surface, and the computed water vibrational modes and pK, values were close to
experimental measurements'3-14, However, in an alternate set of simulations, the more acidic
surface silanol groups of pK,= 4.5 were interpreted as belonging to defective, strained areas of the

surface that contained fewer silanol groups'>.

Despite ongoing research activities aimed at clarifying the origin of bimodal surface acidities of
quartz, it is surprising that the structure of the quartz surface in water remains poorly understood.
Discrepancies between experimental structural data and theoretical predictions have thus far not
been resolved'®!7. In 2015, X-ray reflectivity crystal truncation rod (CTR) measurements were
used to characterize the atomic-scale structure of the quartz (101) surface in sifu in water, revealing
significant discrepancies in the positions of terminal oxygen (O) atoms between the measured and
calculated quartz (101)-water interface structures'®. The CTR experiments found that the surface
O atoms associated to surface hydroxyls relaxed (with respect to bulk-like quartz) in an inward
direction (towards the quartz surface substrate) by of —=0.25 + 0.02 A, whereas the MD and DFT-
based MD (DFT/MD) calculated structures all showed an outward shift toward the solution'6: '3,



There is also a significant amount of theoretical work performed on simulating the structure and
energetics of quartz (100) surface in water and in various electrolytes'# 1920, Here, we focused on
comparing experimental and computational data of the quartz (101) surface.

This work focuses on the applicability of the computationally economical density-
functional tight-binding (DFTB) method and its predictions regarding the solvated quartz (101)
surface. DFTB is a semiempirical quantum chemical method that uses an approximate Kohn-Sham
density functional theory (KS-DFT) with an linear-combination-of-atomic-orbitals (LCAO)
representation of the Kohn-Sham (KS) orbitals?!. The DFTB method is based on parameterized
Hamiltonian and basis set overlap matrix elements, and in principle maintains ab initio DFT
accuracy in its predictions while achieving the computational speed of semiempirical tight-binding
(TB) methods??-23, These advantages allow DFTB/MD simulations of up to 26 defective structures
on time scales from 25 ps to 160 ps with simulation cells composed of 500 atoms to ~2000 atoms.
We first establish the accuracy of the DFTB method for the silica-water interface by comparing
predicted interface structures against DFT and high quality experimental CTR data measured from
this surface termination'4 120, 'We then investigate defective surface models, as we noticed that
previous X-ray reflectivity data suggested missing Si atoms in the outermost layer of a quartz
surface!¢. Finally, we simulate our most likely candidate structures in large supercells (~2000

atoms) in order to investigate size effects on the calculated structures.

Computational Methods

DFTB/MD

The DFTB+ program was used in MD and metadynamics (MTD) canonical simulations in the
NVT ensemble of the quartz (101)-water interface in a unit cell with 3D periodic boundary
conditions (PBC)?**. We selected the third-order DFTB (DFTB3) flavor which includes the
fluctuation of chemical hardness with atomic charge, in conjunction with the 3ob (Third-Order
Parametrization for Organic and Biological Systems) parameterization®. Brillouin zone sampling
was performed with a selection of 3x3x3 k points for structure optimizations and a I" point
selection for MD simulations. Time integration was carried out with a time step of 0.4 fs and the
temperature was maintained using 298.15 K as target temperature for the Nose-Hoover thermostat.
Defective quartz surface models were created by removing selected Si atoms and the broken bonds

were saturated with hydrogen. The pbc (Periodic Boundary Condition) parameterization was used



for the geometry optimization of the a-quartz and the results were compared with that obtained by
matsci (Materials Science) parameterization and DFT?%2%, Quartz structures optimized with the
pbc parameterization were closest to experimental data in terms of unit cell lengths and Si-O-Si
bond angles (Table S1). For the simulation of water, we used the previously developed 3obw
parameterization®, which was designed to reproduce the experimental radial distribution function
(RDF) of water (Figure S1). Details of the simulation parameters are given in the Supporting

Information.

Quartz surface model

The quartz (101) surface containing 6 O-Si-O layers was cleaved from an optimized bulk a-quartz
supercell. The top layer of the quartz (101) surface was allowed to relax while the bottom 5 layers
were fixed during the MD simulations to maintain a bulk-like structure. This methodology has
been shown to yield best results in terms of reproducing the experimental geometry of the quartz
surface in previous studies!®!8, The charge-neutral surface was modeled with hydroxyl

terminations. The quartz (101) surface is terminated by vicinal (Q?) type silanol groups, where two

= Si-OH sites share a common oxygen vertex (Figure 1a). There are two silanol (= Si-OH) groups

at slightly different heights above the quartz (101) surface, where the O atoms are labeled as O5
(inner) and O6 (outer) in Figure 1a following conventions from previous studies'é-'8. The surface
model has dimensions of @ = 9.94 A, b =13.92 A, and ¢ = 42.07 A with a chemical formula of
Si750444H509, which includes 92 water molecules filled in a ZO—A—high vacuum space maintaining
a bulk water density close to 1.0 g/cm3. The 2 x 1 x 1 and 2 X 2 X 1 supercells were used to

simulate the pristine and defective structure that showed closest match with the experimental data.

Results

Structure of the pristine quartz (101)-water interface

The first step to examine the differences between computational results and experimental data on
the quartz (101)-water interface is to compare the calculated and measured surface atom
displacements. Previous X-ray reflectivity measurements had been performed on four quartz (101)
samples, all obtained as natural quartz minerals from Herkimer County, New York!'®!7, Prior to
those experiments, the quartz samples had all been washed by solvents (methanol and water) and

treated with slightly different methods (Table 1). The X-ray data by Bellucci et al.!¢ were measured



up to a higher Q value (i.e., Qmax = 5.5 A-!) and thereby determined with a higher spatial resolution
(/Qumax = ~1.1 A) compared to those by Schlegel et al.!7 (Qp.x = 4.2 A-' and the spatial resolution
of 1.5 A, respectively). Nonetheless, both measurements showed similar displacements of surface
O and Si atoms, in terms of the direction as well as the magnitudes, with those by Bellucci et al.

having smaller uncertainties of estimation for O5 and O6 atoms (Figure 1b).

Experimental CTR data showed that the Si3 atoms relaxed +0.17 A (towards the direction of the
solution) and both O6 and O5 atoms relaxed significantly into the crystal by —0.25 A and —0.15 A
(Figure 1b), respectively, whereas the DFTB-simulated quartz (101) surface showed no major
relaxations (Figure 1¢). Previous calculated quartz (101)-water structures all showed positive shifts
in O6 and OS5 atoms (Figure 1c). Our DFTB calculated displacements were similar to that obtained
by DFT (Bellucci et al.) and MD simulation using CWCA (Combinatorial Week-Chandler
Andersen) potentials. Of special note, DFTB systematically overestimated the quartz lattice
constants by about 1.1% (Table S1), which can impact the comparisons between simulated and
experimental surface structures. We corrected this error by scaling down the DFTB calculated
atom positions before the calculation of displacements. In order to test whether fixing the bottom
five O-Si-O layers in our model will induce strain and surface structure changes, we allowed the
top three O-Si-O layers instead of the top one layer to relax in the DFTB/MD simulation. The
displacements of Si, 06, and OS5 atoms in the top surface of the three relaxed layers were similar
to those calculated in the model by allowing the relaxation of the top one layer (Figure S2). Thus,

the top one-layer relaxed model was used here.

Second, we compared the DFTB calculated electron density profile to experimental results. The
electron density profiles measured by X-ray reflectivity taking into account the finite resolution of
the CTR measurements, the peak heights and peak widths may not be directly comparable to DFTB
results. Instead, we focused on the comparisons of peak positions and the derived water occupation
numbers. Here, we defined the averaged positions of Si atoms in the 2" O-Si-O layer (position
fixed during simulation) as zero and reported all measured distances with respect to this reference
point (Figure 1a and Table 1). The DFTB calculated electron density profile had similar positions
for the first and second O-Si-O layers compared to the experimental data but disagrees on the

positions of adsorbed water and terminal oxygens (Figure 1a). The CTR measured by Bellucci et



al. revealed a first adsorbed water layer at 6.69 = 0.01 A with a corresponding water occupation of
0.12 water/A2. The CTR measured by Schlegel et al. showed an adsorbed water at 6.6 A to 7.5 A
and a water occupation ranging from 0.05 to 0.07 water/A2 for three different samples. The DFTB
calculated structure showed that the absorbed water was located at 7.35 A. Three Gaussian peaks
were used to fit the water profile, yielding an integrated area of 0.44 /A2 for adsorbed water,
equivalent to a water occupation of 0.044 water/A2 (Table 1 and Figure S3). We performed
additional simulations of the pristine quartz (101) surface in two larger supercells (Figure 1d). In
all cases, the results showed little changes in the position of the adsorbed water with a bulk water
electron density close to 0.33 e/A3. Minor ordering of water further from the first water layer was
observed in the 2 X 2 X 1 supercell (Figure 1d). In general, the atom displacements and electron
density profiles together indicated that the precise atom locations in the quartz (101)-water
interfacial model obtained from a bulk-like termination appear to be inconsistent with the

experimental observations and their uncertainties.

Table 1. Summary of published X-ray reflectivity measurements on the quartz (101)-water

interface.
Sample Sample Adsorbed water water occupation
treatment position* (A) (water/A?)
Annealed Bellucci 2015 | 400°C for 12 h 6.69 0.12
Annealed Schlegel 2002 | 400°C for 48 h 6.85 0.05
Natural 1 Schlegel 2002 | Kept in water for 6.59 0.07
10 months
Natural 2 Schlegel 2002 In air 7.50 0.06
Pristine (DFTB) -- 7.35 0.04

* Refer to the averaged positions of Si atoms in the 2" O-Si-O layer as zero
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Figure 1. (a) Comparison between the DFTB-calculated and the experimentally measured electron
density profiles along the surface normal direction. The interfacial structure model is shown on
top, where the O and Si atoms at different surface heights are labeled. Vertical relaxations of top
three O-Si-O layer of the quartz (101) surface in water measured by (b) X-ray reflectivity and (c)
calculated by using computational methods!®'7. Error bars in DFTB/MD calculated displacements
in (c) are 1-sigma standard deviations from averaged atom positions over 160 ps of MD simulation.
(d) Electron density profiles obtained based on DFTB/MD simulations in a unit cell (160 ps), 2
X 1 X 1 supercell (40 ps), and 2 X 2 X 1 supercell (30 ps).



Quartz (101) surface with various types of Si vacancies

The calculated pristine quartz (101)-water interface showed major discrepancies relative to
experimental results (Figure la). To shed further light on this topic, we constructed defective
quartz (101) surface structures based on fitted Si occupancies to CTR data'®. There are three unique
types of Si (Si3, Si2, and Sil in Figure 1a) located at different heights of the top O-Si-O layer. The
experimental CTR data had shown that about 30% of Si3 atoms were missing in the top O-Si-O
layer. Our model contains in total of 12 Si atoms in the top layer (four atoms per each type of Si).
Removing one of the four Si3 atoms created a 25% Si3 vacancy. We have also explored other
structures containing 25% Sil and 25% Si2 vacancies, structures containing 50% of either Sil, Si2
or Si3 vacancies, and structures containing a mixture of two types of Si vacancies

(25%S11+25%S12, 25%S11+25%Si3, and 25%S12+25%Si3). Si vacancy was manually created by

removing a Si atom and protonating the nearby = Si-O- sites (or associated -OH group to form

water) to balance the charge. All Si vacancy-bearing structures were first optimized in vacuum
prior to exposure to water. We found Si3 atoms in the top layer showed positive shifts in models
with 25% Sil- and Si2-type vacancies similar to that measured by CTR, but the terminal O5 and
06 positions remained unchanged (Figure 2a). Electron density profiles of all 25% Si vacancy-
bearing structures had no significant changes in peak positions with minor changes in peak heights
(Figure 2b). In a pristine quartz (101) surface, all surface [SiO4] tetrahedrons associated with Si3
atoms were terminated with a single -OH group (Q?, vicinal type silanol) as shown in Figure 1a.
In the structure with a Sil- or Si2-type vacancy, a [SiO4] tetrahedron near the vacancy site was
found to be terminated by two -OH groups (Q?, geminal type silanol). This type of surface units is
shown in the orange color in Figure 3a, and 3b and is not observed in the structure with Si-3 type
vacancy (Figure 3c). The Si vacancy formation generated one additional -OH group attached to
the [Si0Oy4] tetrahedron and allow the tetrahedron to rotate with two -OH pointing towards the
solution in MD simulations. This type of rotation was responsible for the positive shifts of the
associated Si3 atoms (Figure 3d). We further made 6 additional structures, each containing 50%
of either Sil, Si2, or Si3 vacancies and a mixture of two types of Si vacancies. Geminal silanol
groups with positive Si3 shifts were found in structures that contain a single rotation of surface
[Si0O4] (Figure S4 and SS5). We calculated the vacancy formation energies on various types of
defective quartz surfaces by calculating the energy differences to reference models of the same

compositions balanced by [SiOH4](,q) and H,O (see an example of a reference model in Figure



S6). To be noticed, these energy calculations were not aimed to compute the exact free energy of
formation but rather provided a qualitative understanding on the relative stability of various Si
defects could be formed on the quartz (101) surface. The results indicated the formation of Si3
type vacancy were energetically more favorable and the energy costs increased with increasing
number of Si vacancies on the surface (Figure 4). We have also investigated two other types of
surface defects, namely, O vacancies and edge-shared [SiO4] tetrahedra as indicated by previous

experimental studies®®. All structures with O vacancies were unstable in water and restored to a

pristine quartz surface structure due to the high reactivity of =Si-O" site associated with the O

vacancy (Figure S7). Structures with edge-shared [Si0O4] tetrahedra on the surface showed negative
shifts on the surface Si3 atoms which are inconsistent with experimental X-ray reflectivity results
(Figure S8). Thus, it is necessary to investigate the effect of the rotation of surface [SiOy]

tetrahedrons on the displacements of surface Si3 atoms.
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Figure. 2 (a) Vertical relaxations of the atoms in the defective quartz (101)-water interface having
a 25% vacancy in one of the three types of Si atoms (Sil, Si2, or Si3). (b) Electron density profiles
of these 25% Si vacancy-bearing structures obtained based on 30 ps of DFTB/MD simulations.
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Figure. 4 Energies of formation of different types of Si vacancies on the quartz (101) surface in
water = 0.8 eV is the standard deviation calculated based on energies over 1 ps in DFTB/MD

simulations.

Quartz (101) surface with rotation of [SiO,4] tetrahedra

Based on results showed in the previous section where a strong correlation between rotated surface
[SiO4] and negative displacements in Si3 atoms were observed, we created a series of models
containing different numbers of rotated surface [SiO,4] tetrahedra without Si vacancies (Figure 5).
The displacements of Si3 atoms in the top Si-O-Si layer increased from about +0.1 A to +0.5 A
with the increased rotation of 25% to 100% [SiO4] tetrahedrons (Figure 5a, 5c, and 5d). In
comparison, the positions of O5 and O6 atoms remain unchanged. The electron density profiles
showed an increase in peak height at about 4.2 A, corresponding to the positive shifts of Si3 atoms
inside the [Si0,4] tetrahedrons (Figure 5b). The OS5 peaks became invisible on the electron density
profiles due to their overlap with peaks from Si3, and positions of the O6 peak remained
unchanged. The positions of the adsorbed water have +0.9 A shifts away from the quartz surface
in structures containing 75% and 100% [SiO,4] rotation. The displacements of the Si3 atoms in
these two structures were also too large compared with experimental data. Thus, it is likely that
rotation of 25% to 50% of surface [SiO4] groups was ideal to have about +0.2 A shifts on Si3
atoms. However, additional structure modifications were required in order to impact the positions

of O6 and O5 atoms.
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Figure 5. Rotation of different portions of surface [SiO4] tetrahedra associated with Si3 atoms on
the (a) atom displacements (b) electron density profiles of quartz (101)-water interfaces calculated
from 70 ps of DFTB/MD simulations. Snapshots from DFTB/MD simulations showing (c) rotation
of 25% surface [SiO4] and (d) rotation of 100% surface [SiOy4].

Quartz (101) surface with [SiQy4] rotation and Si3 vacancies

Based on the previous analysis, the rotation of surface [Si0,] associated with Si3 atoms without
Si vacancies can create desired positive shifts on Si3 atoms. Structures with 25% and 50% [SiO4]
rotation matched better to the CTR data in terms of the Si3 positions. Thus, we increased the
amount of Si3 vacancies in these two structures in order to investigate the Si vacancy effects. The
reason of not creating Sil or Si2 vacancies is because the [SiO4] tetrahedron is corner shared with
two nearby tetrahedrons associated with Sil or Si2 atoms (Figure 3). Removing either Sil or Si2
atom will break the stable corner-sharing structure leaving a triple hydroxyl terminated [Si104] unit.
In addition, Si3 vacancies were energetically more favorable to form than Sil and Si2 vacancies

(Figure 4).

In the structures with 25% rotation of surface [SiO4] groups, negative shifts of O5 atoms were
observed in all Si3 vacancy bearing structures (Figure 6a). Negative shifts of O6 atoms were
observed in structures containing more than 25% Si3 vacancies. The electron density profiles
showed corresponding shifts of O5 peaks by about -0.2 A in all structures and shifts of O6 peaks
by -0.1 A in structures with 50% and 75% Si3 vacancies (Figure 6b). In another set of structures

with 50% [S10,4] rotation, negative shifts of O6 and O5 were observed in the structure containing

12



50% Si3 vacancies. However, the electron density profile showed less obvious changes on the
position of O6 peak due to large uncertainties in the estimated displacements (Figure S9). The

positions of the adsorbed water showed small variations in all structures (Figure S9).

We found two candidate structures showing similar displacements of surface atoms compared to
the experimental data (Figure 6c¢). Both structures contained 50% Si3 vacancies but varied in the
portion of [SiOy4] rotation. Their electron density profiles matched that of the Natural 2 quartz
sample measured by Schlegel et al. in terms of the peak positions (Figure 6d). The O5 peak
positions in the candidate structures were similar to that measured by Bellucci et al., but the
positions of O6 and the adsorbed water had significant differences. The structure with 25% rotation
of surface [SiO4] and 50% Si3 vacancies matched best to the Natural 2 quartz sample in terms of
the atom displacements (especially Si3 and OS5) and electron density profile. We therefore
performed an additional simulation of this structure in a 2 X 2 X 1 supercell (Figure 7a and 7b). A
close analysis on this structure revealed unique H-bond environments near the rotated [SiO4]
tetrahedrons (Figure 7b). We found the O6 atoms associated with [Si0,] formed hydrogen-bonds
(H-bonds) with nearby -OH groups due to the Si3 vacancy formation. These -OH groups were
attached to Sil atoms that were lower in height than Si2 and Si3 atoms (Figure 7¢). The attraction
from these underneath -OH groups forced the surface O6 and O5 atoms to move inward, leading
to the negative shifts observed in atom displacements and peak positions. Four H-bonds
responsible for the negative shifts were labeled in Figure 7b with the corresponding bond lengths
plotted over time (Figure 7c). OH1 and OH4 which were responsible for the inward shifts of O6
and OS5 atoms, respectively, showed shorter bond lengths (Figure 7e) and less fluctuations (Figure

7d) than that of OH2 and OH3, indicating a more stable H-bond environments.

13
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electron density profiles of two candidate structures compared to experimental results.
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Figure 7. (a) Side and (b) top views of the snapshots from DFTB/MD simulation of the quartz
(101) surfaces with 25% rotation of surface [SiO4] and 50% Si3 vacancies. The rotated [SiO4]
groups are in orange and the location of Si3 defects were labeled by red circles. (c) A close view
inside the box labeled in (b) showing 4 H-bonds (OH1, OH2, OH3, and OH4) responsible for
inward shifts of O6 and OS5 atoms. The average bond lengths were labeled with the (d) showing
bond lengths changing over time and (e) showing the corresponding distributions of OH bond

lengths in histograms.

Discussion

Fitted occupancies to CTR data suggested that the quartz (101) surface may contain a surface layer
with reduced electron density, which motivated us to explore computationally possible surface
defects. Comparison of CTR data with computational results has been used to study other solid-
water interfaces, such as calcite (CaCO3)3!, rutile (TiO,)??, corundum (Al,03)33, barite (BaSO4)**

and xenotime (YPO4)®. Quartz surfaces are challenging to measure by CTR because quartz has
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poor cleavage planes, whereas such measurement usually require atomically flat surfaces. Quartz
surfaces can readily become amorphous and contaminated by mechanical polishing!¢-17. Silica
materials and silicate minerals are known to have various surface defect sites, such as Si and O
vacancies, non-bridging O, impurity cation substitution sites, and peroxy linkage site (Si-O-O-
Si)36-38_ In particular, the quartz (101) surfaces used for all CTR measurements were natural growth
surfaces. The samples were either annealed, left in water for 10 months, or stored in air before the
experiments. These different sample preparation methods may lead to changes to the surface
structure, which can lead to the observed differences in electron density profiles. So far, only
specular CTR signals from the quartz (101) surfaces have been collected, which are sensitive to
atomic relaxations along the surface normal to the surface direction. To gain full insights into the
surface structure, non-specular CTR data will be needed, which can be used to establish lateral

movements of surface atoms>°.

Experimental CTR data from Bellucci et al showed a peak of higher water occupation number
(Table 1). This has been attributed to possible formation of defective SiO, layer with partial surface
coverage. Since quartz does not have perfect cleavage planes, the (101) surface prepared by
different groups used for CTR measurements may vary in surface defect density and surface
terminations. These will impact the surface hydroxyl group distribution, therefore, the position and
occupation of adsorbed water above the surface. Despite the possible variations in quartz (101)
surface, all CTR data measured in 4 samples by two different groups showed similar displacements
on Si3 and O6 and O3, indicating there are intrinsic features that are general to the quartz (101)

surface termination.

The candidate structures showed that the rotation of surface [SiO4] unit can lead to positive shifts

of Si3 atoms. Rotation of more than 50% [Si0O,4] yielded too much positive shifts. The pristine

quartz (101) surface is covered with all single hydroxyl terminated silanol groups ( = Si-OH). This

correlation indicates that the quartz (101) surface may contain a mixture of single (Q?) and double
hydroxyl terminated (Q?%) silanol groups. This configuration is different from those assumed in
previous CTR and computational simulations, which all indicated a bulk-like termination with
single hydroxyls. In addition to [SiO,4] rotation, the H-bond formation was critical for pulling

terminal O atoms toward the quartz surface. New -OH groups were formed on [SiO4] tetrahedrons
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associated with Sil atoms in the vicinity of Si3 vacancies, and they were primarily bond with -
O(6)H and -O(5)H hydroxyls on the top surface. Because these underneath -OH groups do not
form the H-bond with water, the peak height of adsorbed water on the electron density profiles
showed no significant change (Figure 6b). Instead, the H-bond formation between top layer -
O(6)H/-O(5)H and water is responsible for the electron density of the adsorbed water layer. Our
calculated water occupation number was about 60% smaller than the experimental value reported
by Bellucci et al. (2015)'6. This could be due to that the quartz (101) surface measured by Bellucci
et al. may contain adsorbed cations bringing additional hydration shells close to the quartz surface

or could be due to the presence of a partial Si0, layer on the surface.

Conclusions

DFTB method was used to efficiently investigate the structure of a series of quartz (101) surfaces
having various types and densities of surface defects (i.e., 26 models in total) in water which
allowed fast screen of candidate structures. Our results showed that the DFTB calculated pristine
quartz (101)-water interface is similar to those reported previously by DFT and MD. We found the
presence of Si3 vacancies leading to double hydroxyl terminated silanol groups on quartz (101)
surface can partially resolve the discrepancies between experimental and computational results. Si
vacancies could potentially impact the deprotonation energies of surface -OH groups, which are

subject to further investigations.

Supporting Information

Computational Details on the DFTB Calculations; Vertical relaxations and electron density
profiles of defective quartz (101) surface with 50% Sil, Si2, or Si3 vacancy; Vertical relaxations
and electron density profiles of defective quartz (101) surface with a mixture of either 25% of
Si11Si2, Si1Si13, or Si2Si3 vacancies; A reference model used for energy difference calculation;
Vertical relaxations and electron density profiles of the calculated defective quartz (101) surfaces
containing various O vacancies and an edge-shared [SiO,4] defective surface; Vertical relaxations
and electron density profiles of defective quartz (101) surface with 50% rotation of surface [SiOy]

groups together with increasing amount of Si3 vacancies.
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