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Structure, collective hydrogen transfer, and formation of Si (OH),
in SI0,—(H,0), clusters
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SiO,—water clusters are studied using first-principles Born—Oppenheimer molecular dynamics
based on density functional theory and generalized gradient approximations. Systematic
investigations of structure and energetics as functions of cluster size demonstrate the roles of water
molecules in chemical reactions. The water-assisted formation of a Sj(@élgcule from a single

SiO, molecule is revealed at the atomic level. The dynamics of dissociation of water molecules and
formation of Si—OH bonds is investigated via simulations at finite temperature. A complex process
that involves double and triple hydrogen atom transfer is discovered to be the reaction path.
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I. INTRODUCTION terial properties is not suitable for studying chemical reac-
tions with high precision.

The interaction of molecules and water clusters is a sub-  While multiscale simulation methods for studies of large
ject of general interests in a broad range of modern scientifiextended systems are under developm®tite cluster model
research=® Many physical processes in materials sciencejs still very useful in the investigation of molecular interac-
environmental science, and biological science are influencetions. For example, in order to describe chemical properties
by the presence of a small number of water molecules. Clusaf a surface or the tip of a crack, it is not appropriate to use
ters that consist of water and solute molecules are ideahformation that is obtained from crystalline structure. To
model systems for understanding the basic nature of hydragvercome difficulties that come from the demands of accu-
gen bonding, solvation shell structure, proton or hydrogeriacy as well as large dimensionality, several grotipShave
atom motion, and the interplay between structures and dyecently tried to generate model surface structure from clas-

namics. In the past decade, a variety of molecule/ion—wategical molecular dynamics simulations. The structures are
aggregates have been studied experimertallyand then reduced to several model clusters and further optimized

theoretically*~® via ab initio calculations. These models, which reflect local

As an important technological material, amorphous sili-features of silica surface are proposed to be the reactive sites

con dioxide (silica) has attracted much attention in many ©n surface. Quantum mechanical studies of interactions be-
research activities. In particular, its interaction with watertween water and model cluster are performed to study water

molecule that has been discussed in geophysics and materigi§sociation processes on giurfaces.

science, has become a new focus recéntfyThe so-called  Although these studies provide valuable data on indi-
hydrolytic weakening effect is believed to be a significantidual model systems, the complete physical and chemical

factor that enhances fracture and crack development ang'cture of the SiQ—water interaction remains to be explored.

propagation in materials under stré&sS It is found that In order to fully understand the effects of local structure as

water can reduce the strength of the Si—O bonds in silica well as effect of water, it is a first fundamental step to inves-
Toundersand h yoic weakenig,n adion o 07" (S9N M St 1 @ et whieeh v,
clear picture of the mechanical properties of the materials, a 9 )
. - . . . study the solvent effects or to represent the local structure of
precise description of the chemical bonding and reaction dy- : o
S : . . amorphous SiQ. To date, there are no systematic first-
namics is required. Quantum mechanical studies are neces-

. rinciples studies on (Si),—water interactions that address
sary 1o _fuIIy understand the_exact nature of bondlng, bonJl;sues such as the number of water molecules versus the size
weakening, and bond-breaking processes. It is equivalentl

) ANt 1o | tigate the d . ¢ th hi &t SiO,. Most of the previousb initio studies are limited to
'mportant fo investigaie the dynamics of the process, w IC%ne water molecule interacting with a few particular model
demands molecular dynamics simulations with a quantumy ciers for SiQ surfaces?

description of the electronic structure of the system along the In this paper, we report results on SiQ(H,0), (n
trajectories of the nuclei. The conventional classical molecu— 1-6) clusters ,from first-principles molecular d)n/namics
lar dynamics that has been successfully used to simulate mgimjations. This series is the first group in a collection of
(SIO,) ,(H,0), clusters, some of which we intend to use for
dAuthor to whom correspondence should be addressed. modeling a silica surface or a crack tip. Note that the empha-
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sis of this study is on the solvent effects. Our studies of theenergy estimation, the size of the grid as well as the spacing
second group of (Sig),(H,O) clusters will be reported of grid points are chosen to obtain the energy convergence at
elsewheré® It worth mentioning one more compelling rea- the desired accuracy.
son for cluster study: The unique physical and chemical The details of solving the KS equations are given by
properties of materials at small scales such as nanoclusteBarnett and Landman in Ref. 17. We do not to repeat the
are clues for discovery of new phenomena. Finite size sysdescription here. It should be mentioned, however, that vari-
tems have attracted much attention from scientists in the pasius techniques, such as charge mixing during the self-
20 years and continue to be an active area in science. consistent iteration, solving for the loweseigenstates, pre-
The manuscript is organized in the following order: the-diction of new density using the density at the previous time
oretical treatment and simulation details, results, and, finallysteps, etc., are applied and fully tested to speed up the cal-
discussion and conclusions. culation.
In this study, the pseudopotential by Troullier and
Martin,*® GGA by Perdew, Burke, and Ernzerh®BE),°
and a cutoff energy of 62 Ry is used. With this combination
of pseudopotential, GGA functions, and energy cutoff, the
We use Born—Oppenheimer local spin density moleculafccuracy in binding energy is better than 0.5 kcal/mol for
dynamics(BO-LSD-MD), developed by Barnett and Land- hydrogen bonding in water clusters. The test results on
man in 1993 The Hamiltonian of a dynamical system is water-water interactions are similar to ones in our previous

IIl. METHOD AND SIMULATION

written as studies’
) Three algorithms for structural optimization are used in
HeS P yAVA 1 o investigation: A modified steepest-decent/conjugated gra-

+ +E Ri;r}),
| 2m| =) |R|_RJ| elec({ | })

dient method, simulated annealing, and a mixture of the first

N two approaches. According to the physical conditions, con-

where upper case letters represent nuclear quantitisshe  siraints can be applied to the systems in both optimization

position of electrons in real spadg.e.is the total electronic  yrgcedure and dynamical processes. The Newtonian dynam-
energy that consists of the kinetic energy of electronsics is integrated numerically with the Verlet algorithm. A

electron—electron, and electron—nuclear interactions. In thgme step of 0.2 fs is used in the simulations.
classical limit, Newtonian dynamics of nuclei in the system

is used to obtain trajectories on the ground state potential

energy surfaceE plus the ionic interactiorithe second |||. SIMULATION AND RESULTS

term in Eq.(1)]. The equations of motion for the nuclei are ) ) )
We study the size dependence of interactions between

dR,2 2,7, Si0o, and (HO), (n=1-6) using the BO-LSD-MD
M; a2 - R~ IR—Ry| V,Eelec: 2 method. The first step is to find the ground state structure of
both SiQ and HO molecules. Since the systems are rela-
In BO-LSD-MD, Eis calculated in the framework of tively simple, direct minimization is enough for searching
the density functional theofDFT) with the generalized gra- the minimum energy structures. The Si® a linear mol-
dient approximation(GGA). The Kohn—-ShamKS) equa-  ecule[Fig. 1(a)] with a Si—O bond length of 2.8%,. The
tions of the systems are solved self-consistently at each tim@ater molecule has an O—H bond length of 1883and an
step for a given nuclear configuration. The energy and forcesl-O—H bond angle of 104.3°. These structural parameters
on each nuclear are evaluated once the iteration for solvingre in excellent agreement with experimental data.
the KS equation has converged. A Structure and energetics
The KS wave function is expanded in a plane wave basis™ g
set in conjunction with pseudopotential meth§dsince the Table | lists energetics of the SjOwater clusters
plane waves are independent of the positions of the nucleis the number of water molecules increases. The hydration
{R}, the only nonzero term in the gradient Bf,..is from  energy is calculated via the expression okE,
the derivative of the Hamiltonian operator of the electronic=E[ SiO,(H,0),,]-E[ SiO,(H,0),,_1]-E[H,0].  Figures
system, thus simplifying the calculations of interatomic 1(b)—1(g) depict the structure of cluster with 1—6 water mol-
forces. With cutoff energy being the only parameter, theecules.
planewave-pseudopotential approach reduces substantially When one water molecule is attached to Si@he bind-
the complication in testing the quality of the basis set. ing energy between the two molecules, or, the solvation en-
BO-LSD-MD is optimized to treat finite size systems ergy, is 1.04 eV. Note that this energy is obtained based on a
such that systems with a net charge, dipole moment or highestructure in which the water molecule does not disassociate.
order moments can be studied. Two rectangular grids witfThe water molecule induces a dipole moment in .S§0ch
uniform spacing in each direction are required to expand th¢hat the SiQ molecule is no longer linear but has a bonding
wave functions and charge density, respectively. In the dyangle of 158.6°. The Si—O bond lengths are 288 an
namical simulations, the size of the grid on which the sys-dncrease of less than 0.4%. The distance between Si and the
tems are evolving is chosen large enough to give approxiexygen molecule in 5O is 3.64a, that indicates that it is
mately zero charge density on each of the six surfaces of theuch longer that a Si—O single ionic bofsee Fig. 1b)].
rectangular grid. When high accuracy is required in the totallhe interaction also modifies the ,8 structure. The
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0 2g7a, S o a1 trostatic interactions between Si@nd two water molecules
=—)—0 e O MY [Fig. 1(c)].
sio, (a) ng“ 369 3 Next, the third HO is attached to the cluster to form
j SiO,—(H,0); complex. After we apply a combination of
v 4 2 (e MD simulation (at temperature 100—400)Kand direct mini-
/ H0 104 (HiOle - SIEa(a) mization, the structure of the complex obtained is shown in
— RS Fig. 1(d). The third HO is attached to an oxygen atom in

(b) SiO, with a hydrogen bond of 3.48, between the two mol-
> ) - 3 ecules. This water molecule modifies the environment of the
160° other two and induces a slight asymmetry. The first two wa-

Si0,-H,0 ter molecules have a Si—O distance of 3.64 and 270

% ‘ respectively. The O-Si—0O bond angle is 149.1°, only 1° less
3 (f) than for the cluster with two water molecules. The Si—O

2.9 4
my \ © % SiOgH,(H20)3 +Hp0 bond lengths are 2.98,, increasing by 0.02,. The struc-
i ) a —> Si(OH)4+(H20)3 ture of the cluster is stabilized basically by electrostatic in-
teraction and relatively weak hydrogen bonding. The hydra-
Si0, -(H,0) -5 tion energy is 0.42 eV.

A quite different phenomenoricompared to systems
with 1-3 H,0) is observed when the fourth water molecule

Bo e

3 it 1 3708, Q&/ 3 is added to the cluster. As we perform the MD simulation at
st / DY o (@) a temperature of 100-400 K, the structure of the system
L ; Si03H2(H20)+2H,0 undergoes a major change. A reaction occurs in the cluster

% (d) 0%*Si(OH)4+(H20)4 that leads to the dissociation of a water molecule. The
Si0;-(H;0),4 ground state structure after the reaction depicts a new cluster

of SiO;H,—(H,0); [see Fig. 1e)]. The energy gain is 2.16
FIG. 1. Solvation and reaction in Sj(H,0), (n=1-6) clusters. Fon FTS . P -
=1-3, the structures are optimized without breaking,® Hnolecule. For ev, |nd|cat|ng a chemical blndlng rather than electrostatic

n=4-6 one water molecule is dissociated to H and OH that form twolNteraction or hydrogen bonding.

single bonds with an oxygen and the silicon in the Sifiolecule, respec- The new molecule SigH, is solvated by three $O with

tively. intermolecular distances ranging from 3.42—H) to 3.69
(Si—0), as shown in Fig. (e). The two covalent O—H bonds
in SiO;H, are 1.87a,. The two Si—OH distances are 3.01

H—O-H binding angle becomes 111.5°, 7% larger than theand 3.11a,, respectively. The remaining Si—O double bond

angle of an isolated water molecule, and the O—H bonds 2.87 a,, which is unperturbed from its original length

lengths increase 1%. [Fig. @]

As the second kD is added to the system, the cluster A similar reaction process occurs that leads to dissocia-
rearranges such that Si@inds the two HO symmetrically.  tion of a second water molecule when a fifth water molecule
The hydration energy is 0.82 eV. The system 3s sym-  is added to the cluster. A combination of dynamics simula-
metry. The distance between Si and the oxygen atoms in thgon, simulated annealing, structure optimization is applied to
two H,O molecules are 3.78, slightly longer that the Si—O  nyestigate the states of the cluster. The results suggest that
distance in the Si©>-H,0 complex. The bond angle of SJO  the second dissociation process involve overcoming a barrier
also changes, from 158.6° to 150.3°. The H-O bond lengthyf <400 K, similar to the first dissociation process. The
of the H,O molecules do not change Within the accuracy Ofbinding energy is 2.13 eV, very close to the energy gain as
the calculation. However, thd—O-Hangle is now 110.9%, e fourth water is added to the cluster. At the end of the

slightly smaller than the one in the complex with one Waterprocess, a SigH, molecule is formed. In Fig.(1), the newly

(111.5). The structure of the cluster is again based on eIecformed molecule is circled. Three water molecules remain in

the cluster. The four Si—OH bonds are 3.05, 3.10, 3.11, and

3.16a,, and the four O—H bonds are 1.87, 1.89, 1.82, and
TABLE |. Hydration energy of (Sig)(H,0), cluster, defined as energy 1 .83 a,, respectively. The slightly asymmetric structure is
increase when add one more water molecule, is estimateB[bgiO,) due to the solvent molecules

Ho0),+ 11~E[ (Si0,) (H,0),]-E[H,0], n=0-5. . e . .
X(HeOh o EI(SI0) (R, 001 —FIH,Ol, 1 A separated simulation is performed by adding a sixth

Clusters/energy Hydration energgV) water molecules to Si©-(HsO)s before the formation of
Sio,H,0 1.04 final product, that is, before the dissociation of a second wa-
Si0,(H,0), 0.82 ter molecule. The reaction product(SH), molecule is
Si0y(H20)3 0.42 again circled in Fig. (g). In this case, four water molecules
2:%%:2834 ;ig are left in the cluster after the reaction. The four Si—OH
SIOL(H.0), 044 bonds are 3.06, 3.07, 3.14, and 345 and the four O—H

bonds are 1.88, 1.88, 1.82, and 1&4 respectively.
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FIG. 3. Potential energy curve as a function of time as reaction take place in
a SiQ,(H,0), cluster.
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Qo 0'9 9 Figure 3 depicts the potential energy in the annealing pro-
d , 0) cess.
Q//‘% -9 This process involves a double hydrogen atom transfer
(Fig. 3) and the assistance of all for water molecules. A low
energy barrier of the order of the thermal energy is required
t=190 fs t=206 fs

FIG. 2. Double H-atom transfer in a Si(H,0), cluster. The trajectory is
obtained via BO-LSD-MD(GGA) on-the-fly simulation. Note that the dis-
sociation of a water molecule requires more than on® HTwo water

molecules are directly involved in H transfer process and all foy® H
molecules are necessary for reaction to occur at the given energy.

for the reaction to occur, which is different from clusters of
fewer water molecules. Note also that the process is ex-
tremely fast, taking 100 fs from a local minimum energy
structure prior to the reaction.

To break the second SO bond, two simulations are
performed by adding one and two water molecules to the
cluster, respectively. Figure 4 depicts the potential energy
landscape along the pathway towards the formation of the

B. Dynamics, energy landscape, and reaction pathway

One of the important findings from our study is the dy-
namic pathway of the chemical reaction that occurs in th
complex of the SiQ plus 4-water cluster. Figure 2 demon-
strates a sequence of snapshots of the reaction=At0, the
fourth H,O molecule is added to the Sj©(H,0); cluster.

The simulation begins with a steepest decent process
bring the cluster to its local minimum energy structute (

Si(OH), molecule for the first simulation. The cluster con-
figurations at various points on the energy curve are illus-

érated. Similar to Fig. 2, the reaction involves a double pro-

ton transfer followed by the formation of a Si—OH bond
when the O atom in the SO bond capture a H atom
relayed between two 0. The energy landscape and path-

yay of the second simulation is demonstrated in Fig. 5. In

this case, three $O molecules participate in the relay to

=100 fs). Next, the system is heated to 150 K and direcf€!iver @ H atom to the O atom in aSO bond. A triple H
MD is performed. The added water molecule moves toward&tom transfer is observed.

the center of the cluster. All molecules in the system undergo
a collective reorientation. The system overcomes a small en-
ergy barrier of 0.27 eV as seen in Fig. 3. The potential en-
ergy decreases nearly monotonically on the other side of the
barrier. Consequently, the system gains kinetic energy that
leads a temperature approximately 600 K.tAt160 fs, all

the molecules in the clusters have reoriented. Only 30 fs later ™ 3{,

a hydrogen atom from one of the water molecule breaks off i:’ 0:08 30 0q

and moves towards another watsee Fig. 3 at=190 fs, g = o0

H,O molecules on the right-hand sjdelnstantly ¢ 3 004 °¥

=194 1fs), a hydrogen atom in the second water molecule g 0.00 /:‘ 3
go.

breaks a OH bond and moves in the direction of the oxygen

atom in the SiQ molecule. This process is completedtat

=260 fs and produces a new solute species o8§0 One

of the two Si=0 double bonds in SiQis now replaced by

two Si—OH single bonds. Thre.eZB molecules a.re present, FIG. 4. Energy landscape and reaction pathway to form(@bi, mol-
Af_te_r 260 fs, we perform simulated anneahng_ to Ioca_‘teecule. Double H-atom transfer is observed. The numbers 1 and 2 in the

the minimum energy state of the system after this reactionfigure indicate the two H atoms.

400 600
Time (fs)

200 800 1000
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toe as well as a complete description of the dynamical pathway

1»:3!’.4‘ «° . of the reactions between the solute and solvent molecules.
- 2)4" ~3 hﬁ&".o O IN Further studies are underway to investigate the water—
Qo2 " ;-‘:,‘3 1“.{:3 (SiG,) ,H,, interaction as a function af andm, as well as
£ 008 24 .EJ“ the nature of bond weakening and bond breaking of a single
s L] Si—0O bond.
~ 0.04
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