3252 J. Phys. Chem. A999,103, 3252-3267

Ab Initio Studies of Silica-Based Clusters. Part I. Energies and Conformations of Simple
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To understand the complex mechanisms of reaction, solvation, and diffusion that determine the chemistry of
silica in solution, it is necessary to study first the silicate clusters that participate in these processes. We have
investigated, by ab initio density functional methods, all silica-based clusters of the f@@p(C8#),, with a
maximum of five silicon atoms and two intramolecular condensations, plus the six-silicon ring and the eight-
silicon containing cube. In this article (part I), we report our results on the structure, charge distribution, and

energy of the simpler clusters: the monomer Si(Qih)e dimer SIO(OH), the linear trimer SO,(OH)g,

the ring trimer S§O3(OH),, the linear tetramer 8D3(OH)s0, the ring tetramer $D4(OH)g, the linear pentamer
SisO4(OH);2, and the cubic cage §&)12(OH)s. We also present density functional results for aluminosilicate
clusters: AI(OH)~, Al,O(OH)?", and SIAIO(OH}". The results for the more complex clusters are presented

in the subsequent article (part 11). Our studies reveal a wide diversity of structures and consequently of charge
distributions and energies for these clusters, that directly influence their chemical behavior, in particular the

interaction with other clusters and with the solvent.

1. Introduction condenses with surface MOH groups and where M is a metal
that forms a silicate at that pH; (2) as colloidal particles,
remaining in suspension, if an insufficient area of a receptive
solid surface is available to accept silica rapidly. These may
aggregate, forming a silica gel, if the concentration of Si(9H)
is greater than 208300 ppmt or they may remain in solution,

; L : eventually forming opal. Very slow deposition may produce
(SIGy)y + 2H,0 = (SIOy)y-, + Si(OH), quartz® (3) They may come out as biogenic amorphous silica,
replicating exactly the detailed structure of organic forms, even
after further crystallization, because the crystals are so small
that even submicroscopic structures are retained.

Monomeric silicic acid, Si(OH) has never been isolated in
the gas phase, but it is soluble and stable in water, 4C2%or
long periods, if the concentration is less than about 100 ppm as
SiO..t When a solution of monomer is formed at a concentration
greater than about 16200 ppm (the solubility of amorphous
silica), and in the absence of a solid phase on which the soluble
silica might be deposited, the monomer polymerizes by con-
densation to form dimer and higher molecular weight species

There is no evidence that silica is soluble to any appreciable
degree in any liquid other than water. The dissolution and
deposition of silica in water involves chemical reactions of
hydration and dehydration, generally described as:

For nonporous amorphous silica, the equilibrium concentration
of Si(OH) at 25 °C corresponds to 70 ppm as $jGhe
solubility of silica in water at this temperature. Most silica
powders and gels, formed by extremely small particles of
amorphous silica or by porous aggregates, with SiOH groups
at the surface, exhibit a solubility of 1630 ppm SiQ.!
Crystalline silica, like quartz, has a much lower solubility of
~6 ppm SiQ. The solubility of silica also increases steadily
with pressure, temperature, and pH.

When silica has been dissolved previously in water at high
temperature, pressure, or pH or when a solution containing a f silici id
soluble silicate is hydrolyzed, supersaturated solutions of Si- ot sticic acid. .

(OH),4 in pure water are formed. Silicon alkoxides, in particular 11 Expenmental_ St”d'es-'T‘ the past .10 years, there have
Si(OCHy)s (TMOS) and Si(OCHCH,)s (TEOS), usually are bgen_extenswe studies, usitf§i NMR, liquid chromatography,
used in soFgel processing, to start the polymerization process: ViPrational spectroscopy, electron paramagnetic resonance (EPR),
and other experimental techniques, of silica species in both gels
Si(OR), + 4H,0 — Si(OH), + 4ROH and solution2:8 295i NMR spectroscopy proved to be particu-
larly effective in identifying the concentration and gross struc-
tural features of such clustets!* Detailed reviews are given
' by Brinker and Scherét and Hench and West.

Kelts and Armstrontf were able to identify cyclic trimers
in TEOS-based systems but not in those based on TMOS. When
the water/alkoxide ratio decreases from 2/1 to 0.5/1 the cyclic
trimer signal disappears. Kelts and Armstr&hexplained these
* The Royal Institution of Great Britain. results, arguing that the probability of forming the 3-Si ring
* University College London. should increase with the number of hydroxyl groups available,
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These alkoxides are immiscible with water, and a solvent
typically an alcohol, is usually used to avoid ligtitiquid phase
separation.

Monomeric silica comes out of supersaturated solutions in
three ways: (1) as a deposit on a solid surface, where Si{OH)
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which in turn should increase with the amount of water bridging sites in SiO—Al and Si—O—Si. The structures, force
available. Cyclic trimers are formed preferentially in TEOS- constants, and acidities of molecular structural analogues of
based systems because the hydrolysis is much faster in TEOSHdisiloxane, HT—O—TH3 and the protonated form#fI—OH—

than in TMOS-based systems (unless the acid concentration isTH3, with T = Si, Al, B, and P, were calculated by Nicholas et

very low, as the growth mechanism is affedf@d al.23 using restricted HartreeFock, with minimal, double- and
However, partly because there are so many clusters simul-triple-g basis functions.
taneously in solution, it is difficult to study their properties indi- A complete vibrational analysis of §&:,Hs, including its

vidually by experimental techniques, and we have little under- 78 normal modes of vibration, was presented by Bornhauser
standing of either the structural features of such clusters or of and Calzaferr* Its proposed structure, which is similar to that
the energies and mechanisms of key condensation reactionsof SigO12(CHs)s,®* has a crown conformation for each of the
Recent developments in theoretical methods allow problems face rings. Structural details, including bond lengths and bond
relating to molecular structures and energetics to be modeledangles, were also given in this study.
with improved accuracy. It is the aim, therefore, of this and  Self-consistent field (SCF) geometry optimizations for alu-
subsequent papers to investigate the fundamental aspects of siliceninosilicates, namely S#®OH, Si(OH), and AI(OH)~, were
clusters chemistry using a range of computational techniques.reported by Ahlrichs et & The substitution of silicon by alumi-

In this article we concentrate on the conformations and num in small clusters was studied recently by DF calculatféns.

energies in vacuo of key silica clusters, containing between one A comparison between HF and DF ab initio methods for
and eight Si atoms in vacuo. The smallest alumina clusters molecular calculations was presented by Andzelm and Wim-
[AI(OH)4~, Al,O(OH)2~, and AISIO(OH})] also have been  mer3® These authors found that DF calculations for equilibrium
analyzed and are reported here. Our calculations reveal a richgeometries, vibrational frequencies, bond dissociation energies,
structural chemistry of such systems. Moreover, they provide and reaction energies are closer to experimental data than HF
the necessary basis for future studies of hydrated systems. results and that, although HF-optimized basis sets such as
1.2. Previous Theoretical StudiesSeveral previous theoreti- ~ 6-31G** set can be used to obtain good geometries, the accurate
cal studies on silica clusters have been reported. Harfeek prediction of reaction energies requires DF-opt|m|ze(_j basis sets.
(HF) results for Si(OH) and SyO(OH)s are discussed in the ~ Altmann et aPf’ found that DF bond lengths were slightly too
review of Sauet’ The review of Heanry et 4f gives a detailed ~ |0ng whereas HF bonds were slightly too short. For this author,
account of the S+O bond in these systems. In another review, N general, both methods seem to give similar geometrical
Gibbs and Boiseli show that molecular orbital calculations on Parameters, although HF predictions might be more reliable.
molecules with first- and second-row cations (Na, Mg, Al, Si, For Limtrakul and Tantanak, DF and MP2 seem to provide
P, S) yield bond lengths and angles that are close to those infésults that are generally of comparable quality.
chemically similar minerals. Bond lengths and angles in a crystal ~ In our study we start by reporting the systematic analysis of
such asu-quartz can be reproduced with reasonable accuracy all the silica clusters (containing only Si, O, and H) with a
by MO calculations on a small molecule such asO®OH)s. maximum of five silicon atoms, plus some relevant larger

Recent work on chains (dimer, trimer), rings (trimer, tetramer, CIUSers, using ab initio density functional theory. This study
pentamer, hexamer), and cages (prismatic hexamer cubicdepends critically on the cluster conformations, because of the
octamer, hexagonal dodecamer) was reported by Hill and Bauer Strong intramolecular hydrogen bond interactions that exist in

and Moravetski et 2% HF studies for the monomer. the dimer these molecules, so a careful conformation analysis was under-
the four-silicon ring, and other silicate clusters were reported taken for each cluster. We calculated the energy differences
by Lasaga and Gibt2:23More recent density functional (DF) between the most important conformations and the correspond-
work on small silicate clusters was reported in ref 24. ing total condensation energies (i.e., the energy to form the
The structure and possible decomposition routes for silanol cluster directly from the monomer), together with their structures

SiHzOH, were discussed by Gordon and PedefSaat, the and charge distributions.
HF-MP2/6-31G(d,p) level of theory. The energies and structures
of related molecules and radicals were also investigated. Ab
initio calculations of the interaction of water with silanol were The calculations reported in this article used the DF meth-
reported by Ugliengo et &f.at the MP2 level. The silanol dimer  odology and were undertaken with Dmol 296.0 from
was not observed in the gas phase because of its readiness tWolecular Simulations Iné% In Dmol the atomic basis sets are
yield disiloxan€?” Ab initio techniques, using MP2 with sym-  defined numerically by a set of points (typically 300), from the
metry constraints, were used to study the interaction of the origin to an outer distance of 5.3 A (10 Bohr), each one
silanediol molecule Sik{OH), with H,O and NH.28 Several described by a function of cubic spline coefficients, piecewise
different conformations were investigated for $(@H)., analytic, to generate first- and second-order energy derivatives.
Si(OH), and Si(OSiH)(OH).. The differences in energy  We used DN, DND, and DNP standard basis sets, plus enhanced
between these different conformations are always between 3.5ENP and triple TNP basis sets (see Appendix B).
kJ mol* and 12 kJ mol*. Dmol generates a molecular grid in a spherical pattern around
The lowest potential energy surface of disiloxangXbls was each atomic center, out to 5.3 A, with a number of radial points
investigated by Luké&? as a function of two torsion angles typically given by 14Z + 2)¥339whereZ is the atomic number.
H—Si—O—Si at the HF-MP2/631G(d,p) level of theory. Com- These radial shells are logarithmically spaced to treat the rapid
parison between LDF and MP2 calculations for disiloxane and oscillations of the molecular orbitals near the nuclei. The angular
analogues, with Si substituted by Al, B, P, Ga, or Ge are points for eaclr shell increase with the quantum numbend
presented by Stave and Nichclawhereas these aluminosili- are selected by schemes designed to yield exact angular
cates were studied by Mortier et%&land Brand et ai? at the integration, using quadrature methods and a product-Gauss rule
HF/STO-3G level of theory. The first work aimed to explain in cos@) and¢.3° The total number of points per atom in the
the difference in properties of bridging and terminal silanol grid is approximately 1000. After generating the molecular grid,
groups; the second to study the proton affinity of the central the program interpolates all the atomic quantities to this new

2. Computational Details
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set of mesh points. To accelerate convergence far from thebond angles), the energies (hydrogen-bond energies, reactive
nucleus and to avoid integrating over the nucleus, a partition energies), and in some cases even the charge distribution
function is used. (electric dipoles), with high accuracy, using both HF and DF
In Dmol, the Coulombic potentiaVg(r) is calculated by ab initio methods. Following our calculations, HF provides
solving the Poisson equationV?Ve(r) = 4n€?o(r), instead of marginally better structural predictions than DF, but in com-
integrating all over the spacéy(r) = [p(fi)/[f—T;| dri. This pensation DF seems to predict slightly more accurate energies
approach, devised by Dellé)requires an analytical representa- and is much faster than HF.
tion of the charge density(r) is first partitioned in multipolar We found that accuracies as high as 0.02 A32, and -2
component®ym|(F) — Ry)|, which in turn are transformed into  kcal mol™* can be expected currently for ambitious but still
Vum components, whose sum gives the total Coulombic affordable ab initio calculations for these systems. HF methods
potential3® (at the MP2 level of theory) provide slightly better accuracy
The local exchange and correlation energies (BHL) are for structural data, but DF methods (at the nonlocal level of
calculated separately, using the functional developed by vontheory) appear to yield more reliable energies, and for larger

Barth and Hedirf} after Hedin and Lundqvisg and reviewed
by Moruzzi et al 43 for both spin-restricted and spin-unrestricted
calculations. Nonlocal, gradient-corrected, exchange, and cor-

systems they are the only ab initio technique that can be
realistically applied.
LDA methods are much faster and describe well systems

relation contributions (BLYP) are calculated according to the containing only primary bonds, but fail to predict correctly the
functionals proposed respectively by Betkand Lee et at® main features of hydrogen-bonded systems. Although the
The following notation is widely used throughout this work: description of primary covalent bonds depends essentially on
DF-BHL/DNP for DF with a von Berthe Hedin—Lundqvist the quality of the basis set, the description of hydrogen bonds
functional and a double basis set, DF-BLYP/DNP for DF with depends primarily on the quality on the exchange and correlation
the same basis and a Beekeee—Yang—Parr functional, and  functional.
DF-BLYP/TNP for DF with the same functional and a triple Dmol calculations with nonlocal density (BLYP) require a
basis set. The monomer and the dimer are investigated usingbetter basis set. The SCF and geometry convergence are more
nonlocal density and a triple basis set (DF-BLYP/TNP); the problematic, and the overall treatment becomes much slower
trimers are studied with nonlocal DFT and a double basis set than in LDA calculations. However, with a large basis set it is
(DF-BLYP/DNP); larger clusters are analyzed at the LDA (local a highly sophisticated method and very accurate structures and
density approximation) level, with a double basis set (DF-BHL/ energies can be expected. In particular, it describes hydrogen

DNP).
Unless explicitly stated otherwise, in Dmol calculations we
used an SCF tolerance of T0au for the electronic density, a

bonds very well.
The electric dipole moment is highly sensitive to the method
and basis set used, and for large molecules, very high levels of

gradient tolerance of 0.015 au for each coordinate, and a mediumapproximation are necessary to obtain reliable results.

grid. We used spin-restricted calculations and no symmetry
constraints were applied (point grod).

To save computer time, the most promising silica conforma-
tions were first studied using interatomic potential techniques,
molecular dynamics, and energy minimization (Discé9ein
some cases semiempirical methods (Mdpawere also used.
The selected geometries were then optimized fully with Dmol.
At the end of each optimization, the Hessian matrix was checked
to confirm that it was positive definite and that a true minimum
had been found. Detailed information about specific optimization

algorithms (implemented in codes as Dmol and Gaussian) can

be found in Baker's work&4° including determination of
transition staté® and constrained optimization techniqt&82

No Basis Set Superposition Errors (BSSE) or zero-point energy
corrections were introduced.

3. Accuracy of the Results

We carried out a series of tests on small clusters, for which
there are experimental and theoretical results available. We
calculated the structure, charge distribution, and energies of Si-
(OH)4 and SpO(OH)s (presented in the results section), and of
H,0, HO—H,0, OH~, and BO™ (shown in appendix A), using
DF and HF methods, local and nonlocal functionals (DF-BHL
and DF-BLYP), with different basis sets (DNP, ENP, TNP, and
6-31G**), SCF and gradient tolerances. HF tests on accuracy
were done with Cadpac 5-6.0 from Cambridge Universi®y
using a 6-31G** Gaussian basis set, a second-order Mgller
Plesset perturbation correction (MP2), a SCF tolerance of 10
au, and a gradient tolerance of £0au. The knowledge thus
acquired is essential to develop a critical understanding of the
results obtained for the larger silica clusters. The tests show
that it is already possible to predict the structure (bond lengths,

4, Results

We now analyze the detailed energetic and structural infor-
mation obtained from our calculations, presenting first our
results for the monomer and dimer and discussing intramolecular
effects that are relevant for all silica clusters. We present our
results for the linear trimer, tetramer, and pentamer, discussing
the cyclization effects responsible for the formation of ring
structures. After that we also show our results for the trimer
and tetramer ring, plus the octamer cubic cage, which have
particularly relevant conformations. Finally, we discuss the
results that we obtained for the smallest aluminum-containing
anions.

All silica clusters discussed here are presented in Figur&s 1
including the most relevant energy, structure, and charge
distribution information. For each cluster, there are three tables,
for bond lengths, for bond angles, and for charges. The charges
require 1 atom name (e.g., Si), the bond lengths require two
atom names (e.g., SO) and the bond angles require three atom
names (e.g., SiO—Si). We simplified the notation for charges
in the following way: (i) all charges start with 0, so we omit
it. (i) All oxygen charges are negative and all the other charges
are positive, so we omit the sign of the charge (e.g., O 2938
indicates an oxygen charge 06f0.2938 and Si 5257 in-
dicates a Si charge 6f0.5257). These assumptions make the
tables much smaller and easier to read. Throughout this work,
Oy and Q denote bridging and terminal oxygen, respectively.

Tables 1-4 contain the most important data for the silica
monomer, the silica dimer and the aluminosilicate clusters. The
total energy for all silica clusters discussed in this work is
presented in Table 5. For each cluster, the different conforma-
tions are ordered by their energies. The condensation energy to
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TABLE 1: Total Energy (Hartree), Bond Lengths (A), Bond
Angles, and Charge Distribution for Isolated Si(OH),
Molecule
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TABLE 4: Total Energy (Hartree), Bond Lengths (A), Bond
Angles, Electric Dipole (Debye), and Hirshfeld Charges for
Isolated AI(OH)4~, Al,O(OH)g?~, and AISIO(OH)s~ Clusters?

Si(OH) AI(OH)4~ Al,O(OH)s2~ AISIO(OH)g™
bond angle energy —543.00884 —1010.0090  —1057.0357
total __Pondlengih " g . length L7 Lo
method energy SiO OH O--H (4x,2x) Si—O—H SiOob ' 1 ‘62

BHL/DNP  —589.89392 1.64 0.99 2.68 105.6,117.6 112.4 AlO; 1.781.79-1.81d 1.75-1.81d 1.75-1.81d

ENP —589.92865 1.63 0.97 2.73 106.1,116.5 1155 SiQ 1.65-1.68d

BLYP/DNP  —593.09657 1.67 0.99 271 105.7,117.4 111.1 OH, 0.98 0.98-1.01a 0.98-1.05a

ENP —593.13341 1.66 0.97 2.78 106.5,115.6 116.2 O--H 1.89-1.93 1.58a—2.2Lsi

TNP —593.14211 1.65 0.97 2.78 106.6,1154 1165 angle

MP2/6-31G** —591.76320 1.647 0.960 106.4,115.9 114.9 AIOAI 112.0

refl? (HF) 1.626 0.942 106.6, 1154 118.8 AlOSi 115.0

- . OAIO 106.2-116.2 103.7109.8  109.4114.2
Hirshfeld Mulliken 0-Si-0 103.9-109.6

Si o H Si o H AIOH 108.5 99.6-102.5  105.6-106.2
Si—O—H 104.4-106.2

BHL/DNP 0.4473 —0.2842 0.1724 0.8660—0.7620 0.5460 Hirshfeld

ENP 0.4598 —0.2887 0.1738 0.5590—0.3530 0.2130 Ob —0.4730 —0.3635

BLYP/DNP  0.5087 —0.2885 0.1613 1.1510-0.8090 0.5220 Al 0.3082 0.2928 0.3733

ENP 0.5215 —0.2940 0.1637 0.9130—0.3830 0.1550 Si 0.3920

TNP 0.5267 —0.2962 0.1645 1.8220—0.6000 0.1430 O —0.4199 —0.3821 —0.3987

MP2/6-31G** 1.2320 —0.6593 0.3512 Oqni —0.4478 —0.3190

Oani —0.4307 —0.4160

TABLE 2: Total Energy (Hartree), Bond Lengths (A), Bond Heal 0.0928 0.0764 0.1095

Angles, Electric Dipole (Debye), and Charge Distribution for Haal 0.0848 0.1277

an Isolated SpO(OH)s Molecule (t = Terminal, b = Haai 0.0432 0.0775

Bridging) Osi —0.3116

- Ogsi —0.2864

SO(OH)s Oss ~0.3470

BHL/DNP BLYP/DNP TNP Hisi 0.1462
Hasi 0.1453

energy —1103.8924  —1109.7564  —1109.8323 Has 0.0703

length dipole 0.00 411 32.8
SiGy 1.65 1.67 1.65
Sio 1.65 1.66-1.68 1.64-1.66 aKey: d= H-bond donor group; & H-bond acceptor group;=+
OH 0.99 0.98-0.99 0.97 terminal group not involved in H-bonds. The heavy atom to which the
O--H (2x) 1.91 2.20 252 hydroxyl group is attached is also indicated.

O--H (2x) 2.98 3.07 2.94
OI--H (2x) 2.84 2.83 2.81 according to the NMR notatiorQ, wheren represents the

angle ili i i
Fos mae o ama e e e e 1.1
0-Si—0 105.9-108.3 107.+112.9 107.8-113.7 - . ’ . o
Si—-O—H 111.8 108.7113.4 114.+117.7 Energy and Conformations. Monomén SI(OH)4, two con-
OH--H 146.8-147.4 144.4145.2 134.8-138.0 formations need to be considered, with point symmBlg and

Hirshfeld S,. TheS; conformation is the global minimum in the gas phase.
Si 0.4598 0.5199 0.5367 The structure and charge distribution for both conformations
O —0.2776 —0.2982 ~0.3036 are presented in Figure 1, for the more accurate calculations
O —0.2691 —0.2796 —0.2902
H 0.1621 0.1560 0.1619 (DF-BLYP/TNP level). _

Mulliken With local density and a double basis set, at the DF-BHL/
Si 0.9785 1.2410 1.7615 DNP level of approximation, the energy difference between
Op —0.5800 —0.7070 —0.8260 these conformations is only 1.0 kcal malAt the much higher
O —0.7742 —0.8178 —0.6006 DF-BLYP/TNP level of approximation, with nonlocal density
H 0.5447 0.5223 0.1511 . . ) .

dipole 1.09 132 0.85 and a triple basis set, the energy difference increases to 1.8 kcal

TABLE 3: Si(OH) 4 Condensation Energy (kcal mof?) after
Local DF-BHL and Nonlocal DF-BLYP and HF-MP2

Optimizations, Compared with HF-MP2/6-31G** Reference
Value, Using Numerical (DN, DND, DNP, TNP) Basis Sets

method condensation energy
BHL/DNP —9.38
BLYP/DNP —2.84
TNP —2.22
ref®2 (HF) -7.8

form each cluster from the monomer is presented in Table 6,
for the lowest conformations only. Calculated and corrected
energies (subtracting 3.3 kcal mélper H-bond when GH <

mol~L. For the same energy barrier, Salieeported a slightly
higher value, at the HF-MP2/6-31G** level: 3.2 kcal mél
The charges in th&, conformation are slightly larger, but the
dipole is smaller. These differences, although very small, should
be significant, given the simplicity of the cluster.

Dimer. Disilicic acid, SpO(OH), is the first product of silica
condensation, probably the most important reaction in silica
cluster chemistry. The structure and charge distribution for the
conformations with the lowest energy and the highest symmetry,
C, andC,,, respectively, are presented in Figure 2, for the more
accurate calculations (DF-BLYP/TNP level). At the DF-BHL/
DNP level of approximation, th€, conformation is+11.0 kcal
mol~! more stable than th€,, conformation, whereas at the

1.85 A, as discussed below), are reported. The same valuesDF-BLYP/TNP level the difference decreases 4%.7 kcal

divided by the numbern] of condensation reactions to form

the cluster and by the number (s) of silicon atoms in the cluster

mol~1.
These energy differences are substantial, even for the more

are also presented. Silica clusters are classified in this work sophisticated level of approximation, and show the importance
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TABLE 5: Total Energy/Hartree (1 Ha = 627.51 kcal mot? : ‘ ; w G,

for Different Conformations (Ordered by Decreasing S 5257 ,S['Ob 3 SZ?S[’
Energy) of Several Silicate Clusters, Optimized at the Oy 510; 1.66 | | 0510y
DF-BHL/DNP, DF-BLYP/DNP, and DF-BLYP/TNP Levels O 2938 ' OH 0.97 0:510: 103.2-112.7
of Approximation H 1625 | | O-H SiOH 114.6

total energy
BHL-DNP BLYP/DNP BLYP/TNP

H>0 —75.910391  —76.441266  —76.455469
—589.89232 —593.13921
Q‘f —589.89392 —593.14211
—1103.8749 —1109.8232
- Q; —1103.8924 —1109.8323

—1617.8857 —1626.4160

A Q; Q% —1617.8905 —1626.4195
—2131.8869
N/ QiQF —2131.9053
—2645.7894
2 ~1 —
VV  Q:Q 26458975 S 5271 5i0; Si0%;
—1541.9434 Oy Si0; 1.65 OpSi0y
, —1541.9447 O; 2968 OH 0.97 0.:510; 106.6-115.4
JAN Q3 —1541.9532 —1549.9572 H 1650 O-H SiOH 116.5
5 :gggggggi’ Figure 1. Bond lengths (A), bond angles (degrees), and Hirshfeld
L] Qs ’ atomic charges (0. and minus sign in O charges are omitted) for
—3808.2177 D.d and § Si(OH), conformations, optimized at the DF-BLYP/TNP
@ Qg —3808:2202 Irﬁ\ézlajlof approximation. Energy differencé.d — S, E = —1.8 kcal
TABLE 6: Total Condensation Energy (kcal mol™2) for S1 5343 510y 1.65 51051 136.6
Optimized Silicate Clusterg Oy 3030 S10; 1.65-1.66 OpS10y
CE (CE) CE(CE)n  CE(CE)s 07-1628 - - ks
Q; —9.4 (-2.8) —9.4(-2.8) —-4.7(14)

Q@Q -185(1L9) —93(-60) —62(-4.0)
QgQg —38.2(217) —-1277.2) —95(-5.4)

QRQl +6.4(+6.4) +1.3+1.3) +1.6(+1.6)

@D>D§2> |

Q2 -16(-1.6) —05(-05) —0.5(-0.5)
Q@ —257(125) —6.4(-3.1) -6.4(-3.1)
Q +4.1(*4.1)  4+0.3(#0.3) +0.5@0.5)

a CE = calculated; CE= corrected with 3.3 kcal meil per H-bond
when O- -H> 1.85 A (see text)n = number of condensation reactions

to form the clusters = number of silicons in the cluster. St 5368 Si0p 1.65 | 510851 132.1

Oy 3036 Si0; 1.64-1.66 OpSi0y
of these conformational analyses. The type of reaction undergone| o, 2837-3036 OH 0.97 0,5i0; 107.8-113.7
by a given cluster depends considerably on its conformations; | 7 1490-1687 O-H 2.52 SiOH 114.1-117.7

and although no bond breaking is needed to transform one
conformation into another, such energy barriers will be signifi- Figure 2. Bond lengths (&), bond angles (degrees), and Hirshfeld
cant, particularly at low temperatures. atomic charges (0. and minus sign in O charges are omitted}for

The Charges in th€, conformation are influenced by the and G Si;O(OH) conformations, optimized at the DF-BLYP/TNP level

. . of approximation. Energy differenceC,, — C, E = —5.7 kcal mot™.
oxygen-hydrogen interactions, although these are expected to ; o —
o~ . Dipole moment:u = 1.60 D (Cz,) andu = 0.85 D (G).

be weak, considering the large O- -H distances and the small
hydrogen bond energies. Oxygen and hydrogen atoms in donor The electric dipole moment is highly sensitive to the method
hydroxyl groups have more positive charges, whereas the oppo-used (in part, because of the-%)—Si angle), changing from
site is observed in acceptor hydroxyl groups, which indicates 1.32 D to 0.85 D when a triple instead of a double basis set is
some real charge transfer from the donor groups to the acceptorsused, and from 1.09 D to 1.32 D when nonlocal exchange and
In the Cy, conformation, the two terminal oxygens in the chain correlation energies are addéz} conformation). In this respect,
ends have more negative charges than the other four. even the value obtained with nonlocal corrections and triple
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basis set might be not considered as totally reliable. The electricobtained for structural properties and to regain the previous
dipole in the monomer is zero because of its symmetry. accuracy, a much better basis set is necessary.

The condensation energy to form the dimer from the mono-  The overall structural description improves substantially with
mer (2Si(OH) + AE — Si,O(OH) + H,0), for the lowest use of an enhanced basis set (DF-BLYP/ENP). TheCsand
energy conformations and the levels of theory investigated so O—H bond lengths decrease to 1.66 A and 0.97 A, and both
far, is presented in Table 3. Within the LDA, the condensation O—Si—0 bond angles, 106°%nd 115.6, match the values in
energy is relatively large-9.4 kcal mot?, and almost equal  ref 17. In particular, the SiO—H angle improves considerably
for all the basis sets tested. The condensation energy dropg0 116.2. A further refinement, introducing five additional basis
considerably, however, at the DF-BLYP/DNP level (i.e., a functions for silicon to obtain what is essentially a triple basis
nonlocal density), calculated as2.8 kcal mot. This finding set for all atoms, leads again to an improvement of the results
is to be expected because of the two hydrogen bonds present irPbtained, which are now very close to the HF values reported
SibO(OH)s, which are not present in the Si(QHpactants. When  in ref 17. The O-Si—O angles match exactly the reference
a triple basis set is applied, the energy decreases even furthe¥a@lues, the StO—H angle is 2.3 smaller and the SiO and
to —2.2 kcal mot?, which we expect to be an accurate pre- O—H bond lengths are only 0.02 A and 0.03 A larger,
diction for the energy of this reaction. respectlyely. _ .

These results closely resemble the trends observed for the | N€ distance between adjacent hydroxyl groups is clearly too
hydrogen bond energy in the water dimesQH-H,0) presented large in this cluster to allow the formation of hydrogen bonds.

; ; ; : Consequently, no important differences were found between
in Table 8 (see Appendix A). As in the water dimer, the MP2
prediction (7.8 kcal motl) is less than the local DF-BHL/ local DF-BHL and nonlocal DF-BLYP methods. For a double

DNP, but more than the best nonlocal DF-BLYP/TNP. Assum- Pasis set, the O- -H distance is calculated as 2289 A with
ing that the difference in energy between local and nonlocal local DFT and 2.71 A for a nonlocal calculation, whereas these

density calculations is due only to the two intramolecular values increased slightly to 2.73 A and 2.78 A, respectively,

L with the enhanced basis set. The latter is also the value predicted
hydrogen bonds occurring in8(OH)s, the error per hydrogen : o
bond in the local density calculations can be estimated as aboutat the highest DF-BLYP/TNP Ievgl of approximation.
—3.3 keal mot%, which is reasonably close to the corresponding N the D2d monomer conformation, at the DF-BLYP/TNP
error of —4.7 kcal mot? in the water dimer. The difference  €V€l: t.he St-O bond Iengthlls slightly longer and the-GI—O
between the two values is probably attributable to theGB+ and_Sf—O—H ;ngle_s are slightly smaller. ) . .
Si angle requirements, which force the hydrogen bonds to be_ Dimer. The situation changes completely in the silicate dimer,

0.2 A longer, and consequently weaker, than in the water dimer, " which hydrogen bonds do play a very important role. The
for the same level of approximation. corresponding results are presented in Table 2, for the lowest

4.1.2. Structures. Monomekonosilicic acid, Si(OH), is a energyC conformation. .
fundamental molecule in Si chemistry, particularly in-sgeél In the less ambitious #D(OH) calgulatlon at the (DF-BHL/
and zeolite synthesis. However, because it is very unstable inDP) level, the O--H and O--O distances between the two
the gas phase, no experimental data are available for the isolate ydroxyl gr'gups on each S'.de of the-8D—Si plane are only
molecule. The results presented in Table 1 forSheonforma- .06-0.07 A smaller than in the hydrogen bond in the gas-

. . i i _ phase water dimer (see Appendix A). However, the O--H
tlon,. using DF-BHL/DNP and DF BLY'P/TNP.IeveIs of ap distances increase considerably to 2.20 A at the DF-BLYP/DNP
proximation, are therefore compared with published HF calcu-

lations level, with nonlocal corrections for exchange and correlation
) ) o . energies. The O- -H distances increase even more at the DF-

The LDA method with polarization functions (DF/BHL/DNP) - g| yp/TNP level to 2.52 A, which is already at the limit of
predicts well the two ©-SI-O angles in the monomer, oné  hat can be expected for a hydrogen bond distance. The
occurring four times (10579 and the other twice (1175 in  o—H-0 angle is between 134.and 147.4for all calculations,
reasonable agreement with HF values (10@6d 115.4).7 very far therefore from the equivalent angle in the water dimer.
The O-H and S-O bond lengths, however, are 0.05and 0.02  rpaq6 gifferences between the results for local and nonlocal
A longer than the reference values, respectively. The calculatedgyels of approximation suggest that, as in the water dimer, the
Si—O—H angle (112.9) is also relatively far from the reference | pa is overestimating the strength of the hydrogen bonds.
result (118.8). At this level of approximation, the accuracy still Although, for the water dimer, a pure hydrogen bond depends
depends very much on the quality of the atomic basis set; usingmych more on the charge distribution than on the basis set, in
an enhanced basis set, with the same basis functions for Si, butnis cluster the two O- -H distances are closely related to the
using a triple basis set to describe the oxygens and hydrogenss;_o—s;j angle, which depends very much on the quality of
(DF-BHL/ENP) results in a considerable improvement in the the hasis set used. The values obtained for these parameters
Si—0 and O-H bond lengths (1.63 A and 0.97 A), and also in  are thus the result of the combination of the charge distribution
the O-Si—O (106.F and 116.5) and Si-O—H (115.5) angles.  jn the O- -H distances and the atomic basis set in the05iSi
These values are very close to the results in ref 17, showing gngle.
that LDA can describe the structure of a given molecular system | the LDA calculations, the overestimated O- -H interactions
with very high accuracy when no hydrogen bonds are presentpenyeen the two parts of the dimer force the-Si-Si angle
and a good basis set is used. to decrease to 118.1With nonlocal DFs, the angle increases

At the DF-BLYP/DNP level, with nonlocal density, the-M progressively to 123°1(DF-BLYP/DNP), and finally 132.9,
bond length and the ©Si—O angles are the same as the DF- in the best calculation (DF-BLYP/TNP). This last value is
BHL/DNP values, with the same basis set, but the @ibond expected to be a very accurate and reliable result, considering
length and the StO—H bond angle become less accurate: 1.67 the excellent agreement with experimental and theoretical data
A and 111.2. DFT tends slightly to overestimate the bond obtained for the previous systems at this sophisticated level of
lengths, and this feature seems to be enhanced by the introducapproximation. The other four possible O--H interactions,
tion of nonlocal corrections. To increase the quality of the results grouped in two pairs disposed diagonally, are too large (2.94
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A and 2.81 A in the best calculation) to have any significant
hydrogen-bonding character.

At the DF-BHL/DNP level of approximation, the SO bond
becomes very accurate, 1.65 A, but the-OH angle is too
small, 111.8. As for the monomer, nonlocal exchange and
correlation corrections again increase theSibonds (to 1.66
1.68 A), and only when the triple basis set is used, the overall
accuracy improves significantly: the -SD and O-H bond
lengths decrease to 1.65 A and 0.97 A, whereas theSiH
bond angle increases to 114.117.7. Although no experi-
mental results are available for,S(OH)s, following the results
for Si(OH), and HO- -H,0, the Si-O and G-H bond lengths
are probably only 0.020.03 A smaller than those calculated
here, whereas the SODH angle is probably about 11%8° larger
than the average value calculated here.

At the DF-BLYP/TNP level of approximation, the bond
lengths are equal in bot®, andC,, dimer conformations. The
Si—O-Si angle is larger in theC,, conformation, and the
O—Si—0 and S+OH angles are slightly smaller.

4.2. Effects of Ring Formation: Linear Trimer, Tetramer,
and Pentamer. 4.2.1. Energy and Conformations. Linear
Trimer. The linear trimer and the trimer ring are the largest

Pereira et al.

5S¢ 5217-5224
Op 2890
O; 2686-2940
H 1371-1704

5i0, 1.66-1.68
SiO; 1.66-1.68
OH 0.98-0.99
O-H 2.19-2.27

Si0St 122.3
OpS10p 112.4
0,510; 107.0-112.0
S1OH 109.9-113.2

St 5239-5320
Op 2934
O; 2430-3027
H 1068-1736

510, 1.65-1.66

S5i0; 1.66-1.69

OH 0.98-1.00
O-H 1.83

Si05i 140.4-145.0
0,550, 112.4

0:5i0; 106.9-112.7
SiOH 111.4-114.2

silicate clusters studied in this work with nonlocal DFs. The

comparison between the results obtained for DF-BHL/DNP and
DF-BLYP/DNP levels of approximation is valuable, therefore,

because it helps us to estimate the accuracy of the results
obtained for the larger clusters, where only DF-BHL/DNP
calculations were possible.

Si0, 1.67-1.68

o Si 5289 5105i 121.3-122.4

At the DF-BHL/DNP level of approximation, the lowest 0Oy 2936 $i0; 1.65-1.68 0,5i0, 107.2-108.2
energy conformation found for the linear trimer is almost cyclic, | 0, 2685-2869 | | OH 0.98-0.99 0,80, 110.1-110.8
with two hydrogen bonds closing the ring. This conformation | g 1509-1692 | | O-H 2.69-2.81 SiOH 109.8-112.2

is 3.0 kcal mot! more stable than the straight one, where the
chain ends are far apart. The structure and charge distributionFigure 3. Bond lengths (&), bond angles (degrees), and Hirschfeld
for both conformations are shown in Figure 3, for the more atomic charges (0. and minus sign in O charges are omitted) JOg-Si
accurate calculations (DF-BLYP/DNP). At the DF-BLYP/DNP ([())NHF28|Conrozmatlonsformlng 203(OH§3ﬂoptlmlzed(at t;1(e ngBL;(EP/
level (including nonlocal exchange and correlation), the differ- evel of approximation. Energy difference: (top)(medium

. : = —2.2 kcal mof?; (medium)— (below) E = +13.2 kcal/mol. Dipole
ence in energy betweelrn these conformations decreases On|¥noment:/¢ = 1.55 D (above)u = 0.36 D (center), ang = 3.2 D
slightly to 2.2 kcal mot?.

' _ . (bottom).
The almost cyclic conformation may, in turn, be transformed

into the trimer ring by a intramolecular condensation reaction. are overestimated in local density calculations but are too small
The corresponding energy, although positive, is sufficiently tg be corrected.
small (-16.9 kcal mof* at the DF-BHL/DNP level and-13.2 At the DF-LYP/DNP level, the O- -H and ©H bond lengths
kcal mol* at the DF-BLYP/DNP level) to explain how a (1.83 A and 1.00 A, respectively), are close to the expected
relatively strained cluster such as the three-silicon ring may be ya|ues. However, because nonlocal density calculations tend to
formed. overestimate the bond lengths, the correet@ibond lengths,
The hydrogen bonds are overestimated at the DF-BHL/DNP in particular, should be roughly 0.04 A shorter than those
level of approximation, because the O- -H bond lengths are too calculated here. The SO—Si, O,—Si—0p, O—Si—0;, and
small (~1.64 A) and the ©H bond lengths in the acceptor ~ Si—O—H angles are very similar in both calculations. Indeed,
groups are too large (1.02 A). The total condensation energy isboth calculations predict the same dipole moment for the closed
consequently too high«18.5 kcal mot!) when compared with  conformation (0.35 D), but very different values (0.39 D and
the best results obtained for the dimer. With application of the 1.55 D) for the straight one.
energy difference between local and nonlocal DF found forthe  Linear TetramerAs in the linear trimer, the lowest energy
dimer (3.3 kcal mot! per hydrogen bond), the corrected conformation found for the linear tetramer is almost cyclic, with
condensation energy is calculated-ak1.9 kcal mot?, which hydrogen bonds linking the chain ends and forming a cyclic
seems more reasonable, considering the results for the dimersystem, where each hydrogen is covalently bonded to an oxygen
At the DF-BLYP/DNP level of approximation, the condensa- and coulombically attracted to another one. At the DF-BHL/
tion energy becomes7.7 kcal mot?, smaller than even the  DNP level of approximation, this curved conformation is 11.6
corrected DF-BHL/DNP value. For larger clusters with hydro- kcal mol-* more stable than the straight conformation. The struc-
gen bonds, which at the moment can only be studied at theture and charge distribution for both conformations are presented
DF-BHL/DNP level of approximation, the calculated condensa- in Figure 4. The five hydrogen bonds in the curved conformation
tion energies should therefore be overestimated and even thehave an O- -H distance that is too short (13168 A) and an
corrected values should be considered as a crude upper limitOH distance that is too large (1.861.05 A), whereas the six
for the correct results. This effect is due to the increasing number hydrogen bonds in the straight conformation are much weaker
of weak interactions developed in these larger clusters, which (with O- -H distances between 1.92 A and 2.11 A).
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Si 4921-4964
Op 2782-2874
O; 2516-2996
H 1340-1398

590, 1.63-1.65
Si0; 1.62-1.66
OH 0.98-1.00
0-H 1.92-2.11

Si081 117.8-119.5
OpSi0Op 111.9-113.0
0:S10; 108.3-114.6
S10OH 108.2-114.0

Si 4611-4852
Oy 2151-2737
O; 2313-2907
H 1038-1823

| Si0, 1.64-1.66
Si0; 1.62-1.67
OH 0.98-1.03
O-H 1.51-1.68

Si08i 121.7-128.0
0, Si0p 108.5-109.7
0,510, 106.8-112.5
SiOH 104.7-118.0

Sv 4818-4851
Op 2655-2699
O 2440-2648
H 1070-1861

Si0p 1.64-1.65
Si0; 1.62-1.66
OH 0.98-1.03
O-H 1.61-1.62

Si057 125.8-126.3
0,510, 111.2-112.2
0:5i0; 113.2-114.8
Si0OH 106.2-114.3

Figure 4. Bond lengths (A), bond angles (degrees), and Hirshfeld atomic charges (0. and minus sign in O charges are omit®d)det)gi
conformations forming $D4(OH)s, optimized at the DF-BHL/DNP level of approximation. Energy difference: (te)medium)E = —11.6 kcal
mol~%; (medium)— (below) E = +12.4 kcal mot?. Dipole moment:u = 2.40 D (above)u = 2.75 D (center), ang = 0.65 D (bottom).

Although the effect of improving the level of approximation rings: two with 8 atoms and a third one with 10. At the
is not clear, it seems reasonable to expect that the curvedDF-BHL/DNP level of approximation, this conformation is 11.4
conformation would still be highly probable, in agreement with kcal mol* more stable than the straight conformation. The
the experimental evidence, which shows that it is relatively easy structures and charge distributions for both conformations are
to produce four-silicon rings. The easiest way to get a four- presented in Figure 5.
silicon ring is probably to close an open four-silicon linear chain,  The total condensation energy for the curved conformation
which should be particularly simple starting from this almost is substantially negative<43.6 kcal mot?). Even after cor-
cyclic conformation. recting the energy, to account for the overestimation of the four

The total condensation energy for the curved conformation hydrogen bonds, the condensation energy is 1.8 kcalimol
(—38.2 kcal mot?) again appears to be too large when compared smaller than for the uncorrected straight conformation. It is
with the best calculations on the dimer. With application of the reasonable, therefore, to expect that the almost cyclic conforma-
correction factor, previously estimated for each overestimated tion will remain a highly stable conformation at higher levels
hydrogen bond, the corrected condensation energy for the mosiof approximation.
stable conformation is-21.7 kcal mot™. Even this value might Despite its complexity, this conformation is remarkable
still be too negative. We note that, because of its lower because it allows the subsequent formation of several different
symmetry, this conformation has a higher electric dipole moment clusters through a single intramolecular condensation reaction.
(2.75 D) than the corresponding straight conformation (2.40 D). If each of the four oxygen atoms bonded to hydrogens in

Linear PentamerThe lowest energy conformation found for  different silicons (see Figure 5) reacts directly with these instead,
the linear pentamer is a relatively complex structure, which is in a nucleophilic attack, the five-silicon ring, the branched four-
almost cyclic, with four hydrogen bonds closing three secondary silicon ring, the branched three-silicon ring, and the double-
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Si 4638-4678
O, 2538-2636
O 2435-2887
H 1291-1851

S510p 1.63-1.65
Si0; 1.63-1.66
OH 0.98-1.00
0-H 1.95-2.07

5i0S57 116.9-118.2
0,Si0, 110.0-112.8
0:5i0; 108.4-115.1
SiOH 108.2-113.5
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Si 4579-4890 Si0, 1.62-1.66 Si0857 130.4-159.2

O, 2559-2734
O; 2120-2930
H 0958-1916

S5:0; 1.61-1.67
OH 0.98-1.02
0-H 1.60-1.68

0pSi10; 105.8-116.1
0510, 106.6-112.4
StOH 110.0-117.7

Figure 5. Bond lengths (A), bond angles (degrees), and Hirshfeld atomic charges (0. and minus sign in O charges are omiged)de)Si
conformations, optimized at the DF-BHL/DNP level of approximation. Energy difference: toghottom) E = —11.4 kcal mot?. Dipole
moment: u = 2.70 D (above) ang = 2.23 D (below).

branched three-silicon ring can be formed. The O- -H distance bond length increases slightly for the four hydroxyl groups

in the four hydrogen bonds is too short (1-688 A) because participating in the cyclic hydrogen bond system, +6467

of the overestimation of these bonds by the LDA approximation. A, whereas in the (isolated) fifth hydrogen bond, the-Gibond

We again note that the electric dipole moment is higher in the length is 1.66 A for the donor oxygen and 1.62 A for the oxygen

most stable conformation (3.23 D) than in the straight one (2.70 bonded to the acceptor hydrogen.

D) because of the highly asymmetric structure and charge In the linear pentamer, the SO and G-H bond lengths in

distribution of the former. unconstrained outer hydroxyl groups (1-6B64 A and 0.98
4.2.2. Structuresln the linear trimer, the two SiO bonds 0.99 A) are similar to the values calculated for other clusters.

acting as hydrogen bond donors are weaker and longer<1.67 As in the linear trimer and tetramer, the two OH groups that

1.68 A) than normal, whereas the other two, acting as hydrogenact only as donors have larger OH and SiO distances (0.99 A

bond acceptors, are stronger and shorter (1.62 A), because thend~1.66 A), whereas the two OH acceptor groups have larger

oxygen charge can be redistributed more between the oxygenOH distances (1.02 A) but smaller-SD lengths, 1.611.63

and silicon atoms. The primary bonds in both OH donor and A. The pentamer straight conformation, with weaker hydrogen

OH acceptor groups are weaker, in the first case because of thebonds (3-H equal to 1.94-2.13 A), shows intermediate values

charge transfer to the outer region, and in the second casefor the SO and G-H bond lengths and relatively small

because the hydrogens are attracted to the outer oxygenSi—O—H angles €113.5) because of the directionality of the

Hydroxyl groups acting simultaneously as donors and acceptors,hydrogen bonds.

where the oxygen and the hydrogen participate in different The SiO—Si angles are significantly larger in the linear

hydrogen bonds, show intermediate-8 and SO bond trimer (~141°) than in the dimer because of its almost cyclic

lengths. arrangement. (In the trimer straight conformation, these angles
In the linear tetramer, the four hydroxyl groups in equatorial are 120.3.) In the linear tetramer, the middle-SD—Si is about

positions present typical distances, for this level of approxima- 6° smaller than the other two, although thg-€5i—0, angle

tion (Si—O = 1.63-1.64 A and G-H = 0.98 A). The SO remains almost constant. The-8)—H angles vary between
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S 4707 Si0p 1.64-1.65
Op 2729 S5i0; 1.64
O, 2764 OH 0.98
H 1775 O-H

5:05i 130.7-132.9

0,5i0;, 106.7-108.1
0,5i0; 105.2

SiOH 111.2-114.8

Si 4719
Oy 2697
O 2755
H 1743

S5i0y 1.64
Si0; 1.64
OH 0.98
O-H

["8i0S7 129.2-129.8
| 0,510, 110.0-110.6

0,80, 111.7-112.4
I SiOH 112.4-118.9

Si 4731-4764
0, 2703-2734
0, 2557-2643
H 1253-1877

5i0; 1.65-1.66
Si0; 1.62-1.66
OH 0.98-1.00
O-H 1.93-1.99

S5i087 115.7-116.1
0pS10; 107.9-108.8
0,;5i0; 112.9-114.4
SiOH 106.6-114.8

Figure 6. Bond lengths (&), bond angles (degrees), and Hirshfeld atomic charges (0. and minus sign in O charges are omit€d)def)Si
conformations, optimized at the DF-BHL/DNP level of approximation. Energy difference: {toghedium)E = —0.8 kcal mot?; (medium)—
(below) E = —5.3 kcal mot™. Dipole moment:x = 1.53 D (above)u = 0.35 D (center), ang = 1.68 D (bottom).

104.7 (in the constrained system of four hydrogen bonds) and
118.0 (in the equatorial free SIO—H groups), almost matching
Sauer’s reference value for the monorier.

In the linear pentamer, the SD—H angle is very similar
for terminal and constrained OH groups (111185.0 and
110.0-117.7), respectively. We find significant changes for
the Q—Si—0y angle along the chain (105:816.%), although

set. This was the only case throughout this work where such
an effect was observed, and indeed, the influence of the
calculation method on the results is expected to decrease
significantly when the level of accuracy increases.

In fact, none of these planar ring conformations represents
the global energy minimum for this cluster. The third conforma-
tion represented in Figure 6 is 5.3 kcal mbimore stable than

the Si-O—Si angles are clearly much softer, varying over a the second (at the DF-BHL/DNP level) and is the lowest energy
large range (between 130.4 and 159.2vhich reflects the conformation that we found for the ring trimer. It haslaair
asymmetry of this conformation. Despite the hydrogen bonds, conformation (as in 6-carbon rings), where three hydroxyl
the Q—Si—O; angles are very similar in all these clusters groups occupy equatorial positions, and the other three are

(106.5-112.5).

4.3. Ring Structures: Trimer and Tetramer Ring, Oc-
tamer Cage.4.3.1. Energy and Conformations. Trimer Ring.
Figure 6 shows the structure and charge distribution for the three
most important conformations found in this work for the cyclic
trimer. At the DF-BHL/DN level, the first conformation #85.0
kcal mol! more stable than the second, but at the DF-BHL/
DNP level, the energy of the second conformation is 0.8 kcal
mol~! lower. Thus, the order in energy of these conformations
changed, simply by adding polarization functions to the basis

disposed in axial positions, forming a strong system of three
hydrogen bonds. At this level of approximation, the total energy
of condensation is still exothermie-(L.6 kcal mot?), despite
the strain associated with this ring. At the DF-BLYP/DNP level
of approximation, the total condensation energy is already
positive but still small 5.5 kcal mot?), so this cluster should
be present in silica solutions, as experimental evidence shows,
despite its internal strain.

The relative orientations of the equatorial and axial OH groups
can be the same (clockwiselockwise) or opposite (clockwise-
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Si 4778 510, 1.62 5i05i 160.4
O, 2718 $i0; 1.64 0,8i0y 109.5
O; 2782-2816 | | OH 0.98 0,8i0; 106.0 |
H 1753-1786 O-H SiOH 112.0-114.5 |

Si 4818-4851 | [ Si0, 1.64-1.65 5:051 125.8-126.3
Oy 2655-2699 | | Si0; 1.62-1.66 | | 0,Si0, 111.2-112.2
| O, 2440-2648 OH 0.98-1.03 0,5i0, 113.2-114.8
| H 1070-1861 O-H 1.61-1.62 SiOH 106.2-114.3

Figure 7. Bond lengths (&), bond angles (degrees), and Hirshfeld atomic charges (0. and minus sign in O charges are omiti€d)def)Si
conformations, optimized at the DF-BHL/DNP level of approximation. Energy difference: f{togpottom) E = —31.9 kcal mot?. Dipole
moment: u = 0.01 D (above)u = 0.65 D (below).

counterclockwise). The question of their relative stabilities was largest found throughout all this work between two conforma-
investigated at the DF-BLYP/DNP level of approximation; the tions of the same cluster. The structure and charge of both
conformation with the same orientation for both axial and conformations are shown in Figure 7.
equatorial OH groups was found to be slightly more stabte.4 Although the ring strain should be considerably smaller in
kcal mol1). This energy difference is very small, because the this cluster than in the more constrained trimer ring, the total
equatorial hydrogens are isolated and may change for a largercondensation energy for the crown conformatier2b.7 kcal
basis set. mol~1) appears to be too negative, when compared with the
For both levels of approximation, the axial hydrogens have nonlocal density results obtained for the two- and three-silicon
smaller charges than the equatorial ones (because of the axiatlusters. Furthermore, it is only 5 kcal mélhigher than the
hydrogen bonds), but the oxygen charges are very similar. corresponding value for the branched tetramer. This is essentially
Despite its higher symmetry, this cluster seems to have a muchdue to the overestimation by the LDA method of the four
larger charge separation than the open trimer, apparently becaustydrogen bonds, whose bond length is too shert.62 A).
of the different orientations of the two sets of hydroxyl groups. Correcting the energy, following the results for the dimer, the
In fact, the dipole moment for the DF-BLYP/DNP calculation condensation energy become$2.5 kcal mof?, which is more
is probably too high and will change significantly when better acceptable.
basis sets are used. Despite the very different atomic arrangements on both sides
Tetramer Ring.The lowest energy conformation found for of the ring, the cluster with a crown conformation has a
the four-silicon ring is a crown conformation (the most stable relatively small electric dipole (0.65 D), much smaller than in
conformation in 8-carbon rin§9, which decreases the ring the other four-silicon clusters (or even in the three-silicon ring,
strain and allows the formation of a strong cyclic system of with a similar hydrogen bond system). The electric dipole
four hydrogen bonds, decreasing considerably the energy of themoment of the planar conformation is zero, as is required by
cluster. At the DF-BHL/DNP level of approximation, this its symmetry.
conformation is 31.9 kcal mol more stable than the planar Octamer CageThe structure and charge distributions for the
one, which is highly symmetric but with relatively weak mostimportant conformations of the octamer cage (particularly
hydrogen-bond interactions. This difference in energy is the important in zeolite catalysts) are shown in Figure 8. These
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St 4871 Si0p 1.62-1.63 5i0S57 125.7-150.3
Oy 2651 Si0; 1.63 0510 108.6-112.1
O; 2705 OH 0.98 0:5i0; -

H 1814 O-H S10H 113.0-114.6

Si 4845 Si0p 1.63-1.64 Si0S51 136.3-138.0

O, 2611 510, 1.63 0pSi0p 109.6-111.2
1 O 2703 OH 0.98 0:Si0; -

H 1817 O-H SiOH 113.6-113.9

Figure 8. Bond lengths (A), bond angles (degrees), and Hirshfeld atomic charges (0. and minus sign in O charges are omig&gy @i
conformations, optimized at the DF-BHL/DNP level of approximation. Energy difference: {tofjjottom)E = —1.6 kcal mot™.

conformations differ only in the atomic arrangement of the four-  The condensation energy forsSi(OH)s, although positive
silicon rings forming the six faces of the cubic cage. In one (+4.1 kcal mot?), seems reasonable for this relatively strained
conformation, the rings have a crown arrangement, as in the cluster.2°Si NMR experimental evidence show that this species
tetramer ring, whereas in the other they have a nonplanaris relatively stable in solution, at least for high pH values,
hexagonal arrangement, in which each oxygen is in the planealthough it has been found in only small concentratibisi

of one face of the cube and out of the plane of the face adjacent.The corresponding HF result of Hill and Sa#fior the crown
Each ring in the cage defines a window, which is almost circular conformation 4.9 kcal per mole of StO bonds) suggests a

in the crown arrangement (of dimensions 3.8«43.8 A), and greater stability than might be expected for a constrained cage,
rectangular in the hexagonal arrangement (of dimensions 4.2which cannot form intramolecular hydrogen bonds. As expected
A x3.1A). for such a highly symmetric conformation, the electric dipole

There are no hydrogen bonds in this cluster, because themoment is zero.
hydroxyl groups are too far apart. Consequently, the energy and 4.3.2. Structureslin the ring trimer conformation with the
structure obtained with LDA should be particularly accurate and higher energy, the ©Si—0O; angle is smaller because of the
the energy difference between the two conformations should interaction between adjacent hydroxyl groups. The Gt Si
be essentially due to the framework of the two cages. At the angle is much larger in the two planar rings than in the chair
DF-BHL/DNP level of approximation, the “six-hexagon” con- conformation £116.0). In this conformation, the SiO—Si,
formation is+1.6 kcal mot! more stable than the “six-crown”  Op—Si—0y, and Q—Si—0; angles change very little, because
conformation. Replacing the hydroxyl groups by hydrogen of the symmetry constraints imposed by the ring and the
atoms, the difference in energy between the two conformations directionality of the hydrogen bonds. The-8—H angle
decreases to only 0.5 kcal mél assumes two distinct values, one for the equatorial hydroxyl
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Figure 9. Al(OH)4~, Al,LO(OH)?~, and AISIO(OH}" clusters after ab initio DFT-BHL/DNP energy minimization.

groups &114.5, as in previous clusters), and another, which
is much smaller££106.8), for the axial hydroxyl groups, that
are constrained to assume values closer t B9 the direc-
tionality of the hydrogen bonds.

As we noted earlier, the atoms involved in hydrogen bonds
tend to form weaker primary bonds with longer bond lengths.
In the ring trimer, where each axial oxygen simultaneously

systems), but they change considerably in the six-crown
conformation. This large range of variation and the small energy
difference between the two conformations shows once again
that the S-O—Si angle is extremely soft. The bond lengths
and Q—Si—0O, and SO—H bond angles are essentially
constant and equal in both conformations.

Studying SiO1,Hg has the additional advantage of permitting

donates charge to a hydrogen and is bonded to an acceptous to compare the calculated values with the experimental data

hydrogen, the SiO; and O-H bond lengths are 1.661.67 A

available for this cluster. As determined by Larsson (see ref

and 1.00 A, whereas these values decrease to 1.62 A and 0.984), the Si-H and Si-O bond lengths and the -€8i—H,

A, respectively, in the equatorial hydroxyl groups. The-Sj
bond length in the ring is 0.620.03 A larger than the

0O-Si—0, and S+O—Si bond angles are, respectively, 1.475
Aand 1.659 A, and 112°2106.6, and 153.9. The Si-O bond

corresponding bond length in the open trimer because of thelength and Si-O—Si bond angle are relatively large.

strain present in such a small ring. At the DF-BHL/DNP level
of approximation, the O- -H distances (1-98.99 A) are much

4.4, Al(OH)4~, Al,O(OH)g%~, and AISIO(OH)¢. In addition
to silica clusters, we have also examined the smallest alumina-

larger than in the open trimer, owing to the balance between based clusters, Al(OH), Al,O(OH)?~, and AISIO(OH)™,

the electrostatic forces that tend to move the hydroxyl groups (shown in Figure 9). The main data on structure and charge
closer and the covalent forces that tend to move them further distribution obtained for these clusters, at the DF-BHL/DNP
apart (to decrease the ring strain). At the DF-BLYP/DNP level, level of approximation, are presented in Table 4.
where hydrogen bonds are not overestimated, the O--H The properties of these clusters are closely related to their
distances are already much longer (228901 A) than in the electrical charge. The electric dipole moment becomes very high
linear trimer. The S+O—Si angle in the trimer ring is larger in  for the nonsymmetrical species, as the additional charge results
the DF-BLYP/DNP calculation (121-3122.#£) than in the DF- in a much more diffuse electron density distribution.
BHL/DNP (115.7116.%). As in the silica dimer, both AD(OH)?~ and AISIO(OH})~

In the tetramer ring, the SiO bond length is calculated as  have two hydrogen bonds, which we expect to be overestimated,
1.62 A in the equatorial groups, as 1:64.65 A in the ring, at this level of approximation. Because the charge separation
and as 1.66 A in the terminal groups forming hydrogen bonds. is large, these hydrogen bonds should be particularly strong,
The O-H bond length is calculated as 0.98 A in the four which is confirmed by the smallest O--H distance in both
equatorial hydroxyl groups (a normal value for this level of clusters, calculated as 1.55 A and 1.89 A. The charges in the
approximation) but is too large in the four hydrogen bonds (1.03 oxygen atoms bonded to aluminum are significantly larger than
A). In the planar conformation, where hydrogen bonds are muchin the oxygens bonded to silicon, which explains why, in the
weaker, the S+O bond length follows exactly the opposite aluminosilicate cluster, the hydrogen bond formed by the
trend, being smaller in the ring (1.62 A) than in the terminal aluminum-bonded oxygen is much stronger (1.55 A) than those
groups (1.64 A). formed by silicon-bonded oxygen (2.21 A). This result is

In the four-silicon ring, the StO—Si angles (125.8126.3) confirmed by the corresponding OH distances in the acceptor
are larger than in the three-silicon ring (115-7116.T); the hydroxyl groups, which are 1.05 A and 0.99 A, respectively.
Op—Si—0Oyp angles (111.2112.2) are closer to the tetrahedral As in the silica clusters, the AIO and S+-O bonds become
value than the ©-Si—0; angles (113.2114.8), although these =~ much weaker when the oxygen atoms form hydrogen bonds,
should be less constrained. The-8l—H angle assumes two  because of the charge transfer to the outer hydrogens, resulting
different sets of values, one in the equatorial hydroxyl groups in longer bond lengths of 1.81 A and 1.69 A, respectively. The
(113.3-114.3) and another that is much smaller in the axial Al—O—H and Si-O—H angles are smaller in these than in the
hydroxyl groups £106.£4), because of the effects of the related silica clusters, apparently because of the charge distribu-
hydrogen bonds. The SO—Si angle is much larger (1604 tion. The AO—AIl angle is smaller than for AtO—Si, which
in the planar conformation, reflecting the different atomic in turn is smaller than for SiO—Si, for the same DF-BHL/
arrangements of the two rings. DNP level of approximation.

In the cubic cage, the SIO—Si angles are almost constant At this level of theory, the condensation energy to form
in the more stable conformation (and larger than in acyclic Al;O(OH)?~ and AISiIO(OH)~, from Al(OH),~ and Si(OH),
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is calculated ast+61.7 kcal moft! and —27.2 kcal mot?, TABLE 7: Bond Length (A), Bond Angle (deg), and Electric

respectively. The first reaction is highly endothermic because BilgoBleHIEDﬁ%elc))gglr an léﬁl\?lgeda#(?Hl\l/:lolﬁlggleogftti?nrizl_:t?c?r!s
two species with chargel are transformed into a single species Using Numerical (DNP, TNP3 and Gaussian (6-31G*,

with charge—2, which is therefore much less stable. The second §.317G**) Basis Sets
reaction is highly exothermic because both reactants and

products have a charge of 1, and this excess can be spread across Hz0

a wider region in the larger product species, which therefore method OH length HO—H angle dipole
becomes more stable. These results show that, in gas-phase BHL/DNP 0.98 103.9 1.86
studies of charged species, the energies are essentially controlled TNP 0.97 104.8 1.87
by the charge distribution and depend very little on structural ~ BLYP/DNP 0.99 103.8 1.80
factors. This conclusion is confirmed by the results that we -,\r/:\l'jzlﬁ_?’le** 8'32 igg"g %ﬁ
obtained for the mechanism of the condensation reaction, which  g.311G** 0.96 102.4 210
are presented elsewhéfe. exp’63 0.9584 104.45 1.85
5. Conclusions TABLE 8: Hydrogen Bond Energy (kcal mol~2) Bond

The strong hydrogen bonds formed by hydroxyl groups and Lengths (A), Bond Angles (deg), and Electric Dipole (Debye)
the flexibility of the S-O—Si angle are the most important [OF @n Isolated H,O- -H.O Water Dimer

features of the chemistry of silica clusters in vacuo, leading to H20- -H,O

the formation of different conformations with significant dif- method  hyd. E @O O—H O--H OH--O H--OOHE dipole
ferences in energy, structure, and charge dlstr'lbutlon. However, g ionp . —113 271 1.00 171 176.9 106.0 566
local properties such as bond lengths and partial charges changgpp —90 271 099 172 176.6 106.2 265
very little, unless strong hydrogen bonds are involved directly. BLYP/DNP ~ —6.4 3.01 0.99 2.02 175.9 116.9 2.59
When this is the case, the results (especially the energies)TNP —43 298 098 200 172.7 119.1 2.44

i ; MP2/6-31G** —7.1 2.92 0.96 1.96 169.9 107.3 2.28
obtained with LDA need to be corrected. _53 208 180 120

. . S - . gas

Conformations with significantly different energies are found jce |, (100 k) ~6.0 101 174 180 120
even in small clusters such as the dimer. In the monomer and . ) ) )
cubic cage, where there are no hydrogen bonds, the differences " Fmeans the bisector line between the two hydrogens in the donor
. . . . _molecule. Experimental values are from refs 58, 60, and 61.
in energy are very small. Different arrangements in the cubic
cage have almost the same energy because they are formed by H,0. Table 7 shows the results for the structure and charge
Si—O—Si linkages. The chair and crown arranagements in the distribution of a single molecule of water for several levels of
trimer and tetramer rings are very stable, because they allowapproximation. At the DF-BHL/DNP level (with local density
the formation of strong systems of hydrogen bonds. In some and a double basis set with polarization functions), the calculated
cases, when the energy barrier is very small, the order of stability O—H bond length (0.98 A), HO—H bond angle (1039, and
of two conformations can be inverted on changing only the basis electric dipole moment (1.86 D) are already very close to the
set. experimental values, 0.9548 A, 104°4%nd 1.85 D, respec-

In the gas phase, the straight conformations of the trimer, tively.5657 Use of a triple basis set (at the DF-BHL/TNP level)
tetramer, and pentamer linear clusters are less stable than thencreases only slightly the accuracy of the calculateeHdbond
curved ones, where the two ends of the chain interact directly, length (which becomes 0.97 A) and increases théHH angle
forming almost cyclic structures. These, in turn, can react ig 104.8.
directly by an intramolecular condensation to form the corre-  |n the nonlocal density calculation, with a double basis set
sponding rings. These results suggest that there is an intramo{DF-BLYP/DNP), the accuracy of the-€H bond length (0.99
lecular mechanism for the ring formation in silicates. However, A) decreases slightly when compared with the local density
the trend to adopt ring-like conformations is likely to be reduced determinations. The best calculation presented in this work for
in the liquid phase, and further calculations are necessary towater, a nonlocal density calculation with a triple basis set
clarify this point. (DF-BLYP/TNP), leads to very precise results for the-B®

The energy of the condensation reaction between neutralpond length, the HO—H bond angle, and the electric dipole
species is calculated to be sma#J kcal/mol), although it moment, only 0.01 A, 094 and 0.04 D from the experimental
strongly depends on the charges involved, as shown by thedata, respectively. The HF method, at the MP2 level, with a
charged alumina species. The work that we have reported will 6-31G** double¢ plus polarization basis set, leads to & &
help in developing a systematic analysis of the smallest silica hond length that matches the experimental value (0.96 A), but
species occurring in silica-based processes, thus contributingthe dipole moment is too high (2.11 D).
to a better understanding of these systems, so important in  H,0- -H,0. The description of the structure and energy of a
scientific and technological applications. hydrogen bond is a difficult test for any ab initio method. The
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TABLE 9: Bond Length (A) and Electric Dipole (Debye) for
an Isolated OH™ lon

OH~
method BHL/DNP BLYP/DNP MP2/6-31G**
OH length 0.99 0.99 0.97
dipole 0.16 0.19 0.99

TABLE 10: Bond Length (A), Bond Angle (deg), and
Electric Dipole (Debye) for an Isolated HO™ lon

HsO"
method BHL/DNP BLYP/DNP MP2/6-31G** ex}
OH length 1.01 1.01 0.98 0.95
H—-O—Hangle  108.3 108.3 112.6 109
dipole 2.25 2.22 2.26

Much better agreement with the experiment is found when
nonlocal DF with a double basis set is used (DF-BLYP/DNP).
The hydrogen bond energy decreases 64 kcal mot?, which
is still 1—2 kcal mofl® higher than the experimental value, and
the O--H bond length (2.02 A) becomes only 0-GR204 A
larger than the value predicted from experiment. A further

improvement is achieved when a triple basis set is used (DF-

BLYP/TNP): the hydrogen bond energy decreases4a kcal

mol~1, close to the values predicted by the best HF calculations fr

(about—4.5 kcal mof? %9, and the distance between the two

oxygen atoms (2.98 A) matches exactly the experimental

value®0

In DF-BHL/DNP and HF-MP2/6-31G** calculations, the
H- -O—[HCangle (wheréHlindicates the bisector line between
the hydrogens in the donor molecule) is about 4faller than
the experimental value of 126° However, in both nonlocal

Pereira et al.

TABLE 11: Water Auto-ionization Energy (kcal/mol), after
Local DF-BHL, Nonlocal DF-BLYP, and HF-MP2
Optimizations, using Numerical (DNP) and Gaussian
(6-31G**) Basis Sets

method auto-ionization energy
BHL/DNP 221.0
BLYP 222.7
MP2/6-31G** 255.7
exp® (AHY) 221.8

experimental bond length is 0.95845AAn increase of about
0.02 A'in the G-H bond length is actually predicted in all three
calculations for this ion, and the real value should be very close
to 0.98 A, as calculated at the HF-MP2/6-31G** level.

The enthalpy of water auto-ionization (2Bl+ AH — H3;0O™
-+ OH"), calculated from the heats of formation of® H;O™,
and OH at 0 K% is shown in Table 11 and compared with the
DF and HF results obtained from the total energy of the species
involved. The agreement is excellent for both local and nonlocal
DFT calculations but is relatively poor for the MP2 method,
which is 33.9 kcal moi? higher than expected.

Appendix B: Basis Sets

The five hydrogen radial functions in Dmol were obtained
om three atomic DFT calculatior$8:the first for the normal
atom of hydrogen, to determine the occupied 1s orbital; the
second with a nuclear charge of 1.3, to give additional 1s and
2p functions, slightly more contracted; and the third with a
nuclear charge of 4.0, to obtain a further set of 1s and 2p
functions, thereby generating an even better description, par-
ticularly near the nucleus.

The ten radial functions for oxygen were obtained after four

DF calculations, the agreement with experiment is excellent, atomic DFT calculations: the first for the normal oxygen atom,

particularly with a triple basis set (DF-BLYP/TNP). For all
calculations, the ©H—0 angle is relatively close to the value
predicted by experiment, 188° although it decreases when
the level of approximation increases.

The HF calculation predicts a good value for the O--H
hydrogen bond length (1.96 A), but the correspondingHD
bond length is too short (0.96 A) and consequently the O- -O

to give the occupied 1s, 2s and 2p functions; the second for the
02" cation, where two electrons were removed from the higher
2p energy levels, to obtain a second set of 2s and 2p functions,
closer to the nucleus; the third for a nuclear charget6f0

and a single electron, to give 3d, 2p, and 1s highly contracted
functions; and the fourth for a nuclear charge+of.0, again
with a single electron, to obtain a additional set of 3d and 2p,

distance is 0.06 A shorter than the eXperimentaI value. As can g|V|ng the best possib|e description near the nucleus.

be seen for icely® or by comparing the DF-BLYP/TNP
calculations in the water dimer with those for a water molecule,
hydrogen bonding tends to increase the primaryHDbond
length. The HF value for the hydrogen bond energy is relatively
poor (—7.1 kcal mot?) at this level of approximation, when
compared with the nonlocal DF results, with a triple or even
double basis set.

The water dimer has a large electric dipole moment, which

Thirteen radial functions were generated for silicon by
undertaking three atomic DF calculations: first for the normal
silicon atom, to give the occupied t8st+2p+3s+3p five
atomic orbitals; second for the ionic 25j removing twoa
electrons from the highest energy 3p orbital and adding a 3d
orbital, without changing its occupation to determine additional
3s+3p+3d functions?® and third for the ionic excited state
formed when twax electrons leave 2s and 2p levels and one is

according to the calculations presented here is probably betweerntransferred to a formerly empty 3d orbital, forming & $n,

2.28 D and 2.44 D for the best HF and DF results.
H3O™%, OH™. The results presented in Tables 9 and 10 for
the simplest ions, OHand HO™, show almost no differences

between the local and nonlocal DF values. However, the HF/

MP2 results are significantly different. In particular, DF and
HF predict very different values for the OHelectric dipole
moment (0.19 D and 0.99 D, respectively), which is surprising,
considering the simplicity of this ion. However, the®t dipole
moment is almost the same in all calculatior2(25 D) and is
probably a reliable value.

The difference between DF and HF results for i bond
lengths €0.02-0.03 A) is essentially the same as in water.
The published ideal gas value for the-8 bond length in HO™,
0.95 A%8 is probably too short, because this bond should be
weaker and consequently longer than inCH where the

to obtain another five basis functions,#22p+3s+3p+3d.
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