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Abstract: Structures of disiloxane and silanol and the energetics of their protonation, depro-
tonation, and proton exchange reactions have been studied with 14 density functionals in
combination with eight basis sets. The geometries optimized by these 112 density functional
methods are compared to those obtained by the second-order Mgller—Plesset perturbation theory
and the coupled cluster method, and the performance of all these methods on energetics is
evaluated with benchmark Weizmann-1w results. The most accurate density functional for both
geometries and energetics is M05-2X. Polarized augmented triple-¢ basis sets are found to be
about a factor of 3—4 more accurate than polarized augmented double-¢ basis sets.

1. Introduction

Silicon is abundant in the earth’s crust, where it occurs
mainly as silica (silicon dioxide) and silicates. There have
been many experimental and theoretical investigations of
crystalliné—*? and amorphoug 22 silicates because of their
importance in materials science, geophysics, and technology.
In addition, fabricated silaceous mesoporous materials are
receiving considerable attention for use and potential use as
catalytic nanoreactors and nanotechnological compotintds.
The fundamental structural building blocks of a variety of
silica-containing materials are also found in small molecules,
which may therefore serve as useful model compounds. In
particular, disiloxane (8i—O—SiHs, Figure 15528 exhibits
Si—0O bond lengths and SiIO—Si bond angles that are
virtually the same as those observed in bulk silica and
silicates?® and the Si-OH hydroxyl group of silanol (i3
Si—OH, Figure 2J°32 is a molecular mimic of the group
found on the surfacésand at the defect sit&sof hydrous
silica and zeolitic materials. These geometric features are

m

Figure 1. The three conformers of disiloxane.

very important in zeolites because they control the acidity for its role in subducting oceanic crutProton conduction
of the lattice. Silicates and related aluminosilicate materials in water-containing silica, the use of water as a defect
are major constituents of hydrothermal flows and play an passivant in semiconductor devices (and related applica-
important role in magmatic flow in the earth’s crust; they tions) and the presence of water in optic fioErenderline
have therefore been investigated extensively by many the technological importance of proton energetics in silicates.

geologists’®> 3" The incorporation of H in silica is critical
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Molecular force fields have been shown to be useful for
reproducing the bulk properties of silica polymorphs, espe-
cially when the potential function was derived from extended-
basis-set quantum mechanical electronic structure calcula-
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H =) H, Table 1. Summary of the DFT Methods Assessed in This
\ \ H Study
S§—0 ' / G year type ref(s)
H7/ HE= 3 © HCTH 0 1998 local® 78—80
u é MO6-L 0 2006 local 82
mPWPW 0 1998 local 83, 84
Figure 2. The structures of the silanol anion and silanol. PBE 0 1996 local 85
VSXC 0 1998 local 89
tions** In fact, it is well-known that modeling silicon- MPWLYP1M 5 2005 HDFT® 70
containing compounds requires careful consideration of basis TPSSh 10 2003 HDFT 87, 88
sets*? Advances in computational science allow quantum  B3LYP 20 1994 HDFT 74,75, 77
mechanical methods to be applied with large basis sets and B97-1 21 1998 HDFT 8
high levels of theory to small systems and moderate basis BILYP 25 1997 HDFT 74-76
MO05 28 2005 HDFT 81

sets and moderate levels of theory to larger and larger cluster
models?“48 A validation study designed to show the
computational requirements for modeling silicaceous material
is a key starting point for examining the required levels of TX deroies The perceniage of Tiaree—Fook Sxchange T e
theory and sizes of basis sets. In particular, density functional functional. ® The term local denotes local density functional theory.
theory (DFT) can be used to test the large number of ¢ 4pFT denotes hybrid density functional theory.
molecular mechanics force fiefds241:4956 that have been
proposed for silica, silicates, alkylsilanes, and disiloxane The geometries of these molecules obtained by theoretical
polymers. This is especially important because disiloxane methods are highly sensitive to the sophistication of the
has proven to be a highly useful benchmark for the accuracy calculations. DFT is a powerful means by which zeolite
of electronic structure methods for use in zeolite calcula- structure, acidity, and reactivity can be elucidate®DFT
tions2757:58Dijsiloxane serves not only as a model for silicone methods can provide very accurate results for geometries,
oxides and silicates but also as a model for polymeric energies, and other properties. However, the computational
organosiloxanes such as silicone*®ipP-5%-8%(polydimethyl- requirements of DFT are less demanding than those for wave
siloxane polymers). In the present work, we use disiloxane function theory methods of comparable accuracy, allowing
and silanol as prototype molecules for testing and validating one to efficiently study the large systems needed for the
guantum mechanical computational methods. realistic modeling of zeolitic materials. The accuracy of the
We also study protonation and deprotonation of these two DFT calculations depends on a variety of factors; the most
model systems, silanol and dimethylsiloxane. Knowledge of important of these are the flexibility of the basis set and the
proton affinities is essential for studying proton transport in form of the exchange-correlation functional. A larger, more
minerals, and the protonation of dimethylsiloxane may be flexible basis set gives a better description of the electron
considered to be a model for the protonation of an acid site density but is computationally more demanding.
in an all-silica zeolite or for diffusion of hydrogen in acidic In the present study, the accuracy of 14 density functionals
silica or zeolite$~%3 and eight basis sets was evaluated by calculating the
For direct dynamics simulations, one wants to use the geometries of disiloxane and silanol and the energies of their
smallest possible basis set that yields the required accuracyprotonation/deprotonation and proton-transfer reactions. The
so it is essential to test both small and larger basis sets14 DFT functionals that we assess are BI1L¥P?
systematically. Many of the older studies of basis set B3LYP,/4757/B97-1/8 HCTH,’88° M05 8 M05-2X,"* MO6-
extension were based 844 wave function theory (WFT),  L,22MPW1B9535678MPWLYP1M,"® mPWPW338PBESS
but it is now widely recognized that DFT provides a more PW6B95% TPSSH88 and VSXC® All DFT methods in
efficient and more accurate electronic structure approach forthe present paper are listed in Table 1, ordered by the
direct dynamics calculations. For example, both the B3LYP percentageX of Hartree-Fock (HF) exchange in the
and M05-2X density functionals are more accurate than functional and, for a giveiX, are in alphabetical order.
second-order-perturbation WFEY.Furthermore, it is now The eight basis sets evaluated here include five polarized
known that DFT has differefft 7 and sometimes smaller double£ basis sets, 6-3#B**, 9 6-31+G**,91 MIDI!, 92794
basis set requirements than WFT. It is also known that MIDIX +,%and aug-pc$7-6°and three polarized tripl&-basis
density functionals that are optimum for main-group chem- sets, aug-cc-pV(¥d)Z % aug-pcZ’¢and MG3S8 The aug-
istry may be very inaccurate for metals and vice vétseith pcl and aug-pc2 basis sets were credi®dkexpressly for
less systematic tests available for semiconductor elementsuse with DFT, so it is particularly interesting to test their
like Si. These considerations motivate a systematic explora-accuracy and efficiency. Note that MIDI! is called MIDIX
tion of the accuracy of various density functionals and basis in the Gaussianprogram.
sets for prototype Si-containing molecules. Two ab initio WFT methods, namely, MgllePlesset
Both experimental and theoretical studies have shown thatsecond-order perturbation theory (MP2)nd coupled cluster
it is very difficult to determine with reasonable confidence theory with single and double excitations (CCSPjyere
the structures of disiloxane and silanol, in particular, the also used to optimize the geometries. The CCSD geometries
important Si-O—Si bond angle and the SO bond distance.  are used as a benchmark in some cases (see below), but the

MPW1B95 31 2004 HDFT 53, 56, 78
PW6B95 46 2005 HDFT 86
MO05-2X 56 2006 HDFT 71
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Table 2. Number of Contracted and Primitive Basis Functions Used in the Calculation Of Protonated Disiloxane
(HeSi,OHT)2
MIDI! MIDIX+  6-31+B*  6-31+G** aug-pcl av(PDZ) MG3S aug-pc2 aug-cc-pV(T+d)Z av (PTZ2)

contracted 64 76 97 100 140 95.4 205 307 317 276.3
primitive 108 120 193 193 274 177.6 293 508 536 445.7
ref(s) 92—-94 95 90 91 66, 68 67 66, 68 96

a4 PDZ denotes polarized double-Z; PTZ denotes polarized triple-¢; av denotes average.

MP2 calculations were carried out only for comparison workers for some of the more accurate available studies of
purposes. High-level benchmark calculations were performedSi-containing compounds. Nachtigall et'& employed the
using the multicoefficient correlation method MCCMf3he 6-311+G(3df,2pd) level and basis sets and found that the
balanced multicoefficient method BMGCCSDS° and the B3LYP functional is more accurate than local functionals
very accurate multilevel Weizmann-1w (WI1#) 192 method for Si—Si bond cleavage andjelimination from silanes
with fixed geometries calculated at the CCSD/MG3S and (1996). Eichler et al®® used HF theory with a triplé-
B97-1/aug-cc-pV(Hd)Z levels. B97-1 is the recommended polarized basis set on O and a doublpelarized basis set
method for geometry optimization of large molecules in the on H and Si for an active site surrounded by a molecular
W2 protocol; see ref 101 for more information. Furthermore, mechanics environment (1997). Chatterjee et*alsed
aug-cc-pV(Td)z°¢ is recommended by Martif? for ge- B3LYP/DNP for cluster calculations, where DNP is similar
ometry optimization in the Wiw and W2w theories. To check in quality to 6-31G(d,p) (1998). Demuth et ®lused the
that these geometries are sufficiently reliable for the W1lw local PW91 density functional with a projector-augmented
calculations, we also carried out W1w calculations at CCSD/ plane wave basis for periodic boundary condition calculations
MG3S geometries. on mordenite (2000). Tossell and Sah#lacalculated
Parthiban and Mart#3® studied the accuracy of W1 and  Si(OH);0+4H,0 at the MP2/6-31+G(2d,p)//HF/6-31%G-
W2 theory for proton affinities and found that W1 “can (2d,p) level. Walsh et dft! carried out cluster calculation
basically be considered converged for this purpose”; in fact, where the active site was treated by B3LYP/6-31G(d) and
they concluded that the uncertainty in W1 proton affinities the rest of the cluster by HF/STO-3G (2000). Tielens &t al.
is “considerably lower than that of the experimental values”. used density functional theory with aug-cc)X (X = D,
Similar conclusions apply to W1w. Thus, our tests of the T, Q) basis sets for calculation on silanol and disiloxane
accuracy for proton affinities should be quite reliable. (2001). They found that B3LYP and B3PW91 performed
the best, out of six functionals studied, and that they gave
very similar results. Yuan et &2 carried out ZSM-5 zeolite
calculations by ab initio HF or DFT methods (2002). Bussai

2. Computational Details
All DFT, MP2, and CCSD energies and geometry optimiza-

t|onsl\é\éere carried out using trBaussian 0.304 and MN' et all13 carried out calculations on clusters at the HF/6-31G-
GFM progr%g;s’ af?d. the Wiw _calculguons (using the (d) level (2002). Zwijnenburg et &f.carried out calculations

Dou.glas—Kroll . relativistic C°”§°“°” as in ref .102) WEre " on clusters at the B3LYP/6-31G(d) level (2002). Simperler
carried out using theVOLPRG®” program. HSiO (see et al#8 carried out cluster calculations at the PW91/DNP level

Flg}[Jre %)d H‘ScliodH (s?e F;g:re 2|), alnd the c?rlrlespc;pd!ngd (2004). Tuma and Sauét carried out cluster calculations
protonated and deprotonated molecules Were IUlly optimized, ., 5 pgge density functional and a plane wave basis set;

Esmg thte 13.5'? meltfhods n comlblnla'il_on with a serf|es Ofdthey also used a combined MP2/DFT method (2004).
asis sets. vibrational irequency cajcuiations were performe Saengsawang et &l.carried out cluster calculations at the

for all the stationary po-ints, “Sif‘g each method and basis B3LYP/6-314++G(d,p) level (2005). TossétP calculated the
Se.t’. and thgse cglcula}flons ver.|f|ed \t/f\}at ‘i” stréjcttrlljres allredimerization of silanol with B3LYP and MP2 using the
m'”:ma (no 'rln";‘g';‘laryb.lr.‘fq“de”?'es)th € aloz’."el € d’.“ot' 6-3114+G(2d,p) basis set and with higher-level WFT calcula-
ecules complete Tiexibility during the anaiytical gradient . o \ith smaller basis sets and low-level geometrics (2005).
geometry optimization except for reasonable symmetry Ginhoven et all calculated water reactions in silica with

cFI)nstrIa|ntz,[:fo]rc eﬁmgle{kv tand tCsdfo'j d|s:ongne,CS()fPr the PW91 density functional and a plane wave basis set. Bakk
sfianol, ancls, for the deprotonated siiano a_n|on3($I ): et al’” modeled extended systems containing siloxane
Because of the expected very shallow potential energy profile building blocks at the B3LYP/6-314G(3df,3dp)//B3LYP/

for fluctuations qf t_he _SJ'rO—_Si_bond angle of c_lisiloxane, 6-31:+G(d) and MP2/6-314G(3df,3pd)//MP2/6-31G(d)
the geometry optimization criteria were set to stringent values levels (2006). Since most of the studies of silicaceous

(keyword “opt=tight” in Gaussian OR The integration grid . . o
used is a pruned (99, 590) grid (“ultrafine” as defined in pompognds used P°"’?‘”?e°' douttlépasis sets, it will be
interesting to see if this is accurate enough.

Gaussian 0B i o . -

To illustrate the relative sizes of the various basis sets, -1~ Geometries of Disiloxane and SilanoDisiloxane
Table 2 lists the total number of basis functions used in the Provides the simplest molecular representation of the key
calculation of protonated disiloxane. internal coordinates of the zeolite framework. This molecule

has three possible conformers, two wi@, symmetry,
3. Results and Discussion namely, the doubly staggered (I) and the doubly eclipsed
Before considering our results, it is useful to note which (II), and the third withCs symmetry (1), as shown in Figure

levels of theory and basis sets have been used by otherl. In the doubly staggered conformation, one of the
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Table 3. Benchmark Values of Key Geometric
Parameters and Dipole Moments for Silanol and Disiloxane
(Distances in A, Angles in Degrees, Dipole Moments in
Debyes)

silanol disiloxane
CCSD/MG3S experiment
Si—0 1.645 1.6342°
Si—O—H 118.6
Si—0-Si 151.2120
u 1.327 0.24129

Zhang et al.

an augmented polarized triplebasis set, in particular, by
CCSD/MG3S. The use of geometries calculated at this level
is motivated by previous experience in achieving a compro-
mise of affordability and reliability for the geometry
optimization of molecules with six or more atoms. It may
also be justified by systematic work on smaller molecules.
Consider, for example, the recent systematic studies of
geometries for compounds containing second-row atoms by
Coriani et al**® The found that bond lengths at the CCSD/
cc-pVTZ level were not systematically improved by increas-
ing the level to CCSD(T) or by increasing the basis to cc-
pVQZ, and bond angles were not systematically improved

hydrogens of both silyl groups is in a staggered position with by increasing the basis to cc-pVTZ. They found that the mean

respect to the opposite -SO bond. In the doubly eclipsed
conformation, both silyl groups are rotated by 186lative

unsigned errors in their calculated CCSD/cc-pVTZ bond
lengths and bond angles are 0.008 A and (rdspectively.

to the doubly staggered position. Conformer Ill can be Their average error for CCSD bond lengths would probably

obtained by rotating one of the silyl groups in either
conformer | or Il by 180. Earlier studies on conformers |
and Il indicate that conformer | is lower in energfyThis

have been smaller if they had a third tightefunction for
second-row atoms such as those in the MG3S basis, which
does not suffer from this known deficiency of the cc-pVTZ

agrees with the experimental results on disiloxane crystals,and aug-cc-pVTZ basis sets. We note that their study did

which imply that disiloxane exhibits a distort€, structure
similar to that of conformer 19118

not include any molecules with more than five atoms (it
involved one symmetric penta-atomic molecule, six tetra-

For disiloxane, both experimental and theoretical studies atomics, 23 triatomics, and nine diatomics). Thus, conclu-

indicate that the energy change with respect to theGst

Si angle is very small, and the energy difference from the

sions about large molecules are subject to more uncertainty.
In Table 4, we present the values calculated for the

bent structure to the linear structure is only about 0.3 kcal/ equilibrium Si=O—Si and Si-O—H angles of disiloxane and
mol.}19120This extremely flat energy surface has resulted in silanol at various levels of theory. Results in the table indicate

large uncertainties in the experimental values of theGst

Si angle. An electron diffractiéhstudy of gaseous disiloxane
reported an angle of 144;lan X-ray crystal structure (solid
phasel?! of hexamethyl disiloxane gives 142;la Raman/
IR study*'® on crystalline disiloxane gave an angle of 149
+ 2° and a more recent low-frequency Raman stefdy
suggested a SiO—Si angle of 151.2 The key geometric

that the S-O—Si angle is extremely sensitive to both the
method and the basis set. In extreme casesDSiSi is even
predicted to be linear. For the polarized doublé-31-+G**,
MIDIX +, and 6-3%-B** basis sets, 11, 7, and 2 out of 14
functionals, respectively, give a linear structure, while none
of them give linear structures for the MIDI! and aug-pcl
basis sets. Grigoras and Lane have shown that th©Si

parameters and dipole moments for silanol and disiloxane, Si angle is very sensitive to the values of tHerbital
both benchmark values and those predicted by the variousexponent on Si?2which may explain the poor performance

levels of theory, are given in Tables-3.

of some polarized doublg-basis sets. MIDI! and aug-pcl

In the present study, the results of most methods yield are the two best polarized doubiebasis sets for the bond
conformer | as stable, in agreement with early studies; angle in disiloxane. Polarized tripiebasis sets generally

however, for some methods, in particular, M05-2X/MG3S,

MO05-2X/aug-pc2, M05-2X/aug-cc-pV(Fd)Z, MO6-L/IMG3S,
MO06-L/aug-pc2, M06-L/aug-cc-pV(Fd)Z, and the VSXC
functional with all basis sets except MID#X conformer |

give larger S-O—Si angles than polarized doublebasis
sets except for those polarized doufjldasis sets giving
linear structures. However, none of these polarized ttiple-
basis sets give a linear structure. Among the three polarized

is not stable; in all of these cases, conformer Il is stable andtriple-¢ basis sets, except at the VSXC level, MG3S always
was used for the calculation in the tables. At most levels, gives the largest SiO—Si angle, while aug-pc2 gives the

conformer Il is a first-order transition state. We must

smallest angle. It has been suggested by Nicholas et al. that,

emphasize that the potential energy surface of disiloxane issince the experimental values are not measured at 0 K, a
very flat with respect to the rotation of the silyl groups, and thermal correction of about5° should be applied to the
the absolute energy differences between the three conformergxperimental valué® After the correction, all of the theoreti-
are very small, usually just a few hundredths of a kilocalorie cal values obtained using the polarized trigléasis sets
per mole. As a result, the experimental results may cor- are further away from the experimental value. Since both of

respond to an almost equal mixture of the different conform-

ers.

the available high-level ab initio methods, in particular, the
present CCSD/MG3S calculation and the previ6u€PF

In contrast to the considerable amount of data on disilox- calculation, give a value greater than 15the uncorrected
ane, there are no experimental data available on silanol,151.2 of the latest measurement is perhaps the most accurate
probably because it has a strong tendency to condense intovalue. Examining the results given by the polarized triple-

disiloxane?” The benchmark values in Table 3 are from
theory for silanol and from experimental results for disilox-

basis sets indicates that all pure functionals give smaller Si
O—Si angles than the hybrid functionals. If one accepts that

ane. The theoretical results for silanol are carried out with the recent experimental value of 151i2 the most accurate



Requirements for Silicaceous Materials J. Chem. Theory Comput., Vol. 3, No. 2, 20®BR7

Table 4. Si—0O—H and Si—0O—Si Bond Angles of Silanol and Disiloxane (in Degrees)
HCTH MO6-L
aug-cc- aug-cc-
MIDIX 6-31+ 6-31+ aug- aug- pV(T+ MIDIX 6-31+ 6-31+ aug- aug- pV(T+
MIDIl + B** G* pcl MG3S pc2 dz ™MDl + B** G* pcl MG3S pc2 d)z

Si-O-H 1123 1157 1173 1174 1160 1178 1179 117.7 1137 1159 118.0 117.7 116.0 1185 117.7 1181
Si—O-Si 1421 1437 140.7 146.6 1384 1495 148.1 148.7 1342 136.6 143.6 180.0 139.1 153.8 148.6 1535

MUEa 77 52 60 29 77 13 19 17 110 86 41 148 74 14 18 1.4
mPWPW PBE

aug-cc- aug-cc-

MIDIX 6-31+ 6-31+ aug- aug-  pv(T+ MIDIX 6-31+ 6-31+ aug- aug- pV(T+

MIDIl  + B* G* pcl MG3S pc2 dz MDDl + B* G™ pcl MG3S pc2  d)z

Si—-O—H 1122 1156 1173 117.2 1158 1175 1172 1171 1118 1152 1170 1169 1156 117.2 1170 116.9
Si—O-Si 139.0 140.8 1424 180.0 1374 148.6 1454 146.4 137.0 138.1 139.2 145.0 135.6 1459 143.6 1443

MUE= 93 67 51 151 83 19 36 31 105 83 68 40 93 34 46 43
VSXC MPWLYP1M

aug-cc- aug-cc-

MIDIX 6-31+ 6-31+ aug- aug-  pv(T+ MIDIX 6-31+ 6-31+ aug- aug-  pv(T+

MIDIl  + B* G* pcl MG3S pc2 dz MDI  + B* G* pcl MG3S pc2 d)Z

Si—O—-H 1141 117.7 120.1 120.1 1181 119.7 119.7 1194 1129 1165 1182 118.2 1171 118.7 1185 1184
Si—O-Si 1343 180.0 134.1 1350 1318 1358 136.3 136.2 1444 146.4 1473 180.0 1418 153.8 150.3 151.6

MUE? 10.7 147 9.3 89 100 8.2 8.0 7.9 6.3 35 2.1 14.6 55 1.4 0.5 0.3
TPSSh B3LYP?
aug-cc- aug-cc-
MIDIX 6-31+ 6-31+ aug- aug- pV(T+ MIDIX 6-31+ 6-31+ aug- aug- pV(T+
MIDI! + B** G** pcl MG3S pc2 d)z MIDI! + B** G** pcl MG3S pc2 d)z

Si-O-H 1135 1169 1186 1184 116.6 1185 1183 1181 1136 1171 119.0 119.0 117.7 1195 1192 1191
Si—O—Si 1450 180.0 1499 180.0 140.6 1556 151.0 152.0 1453 180.0 180.0 180.0 143.8 1589 152.2 156.6

MUE? 5.7 15.3 0.7 14.5 6.3 2.3 0.3 0.7 5.5 15.2 14.6 14.6 4.2 4.3 0.8 29
B97-1 B1LYP
aug-cc- aug-cc-
MIDIX 6-31+ 6-31+ aug- aug- pV(T+ MIDIX 6-31+ 6-31+ aug- aug- pV(T+
MIDI! + B** G** pcl MG3S pc2 d)z MIDI! + B** G** pcl MG3S pc2 d)z

Si-O-H 1128 116.3 1183 1183 116.7 1185 1183 118.0 113.7 1173 119.2 119.2 117.8 119.7 1194 1193
Si—O—-Si 139.5 1432 1435 180.0 138.8 151.3 1486 1499 146.2 180.0 180.0 180.0 144.5 160.5 155.7 158.1

MUE? 8.7 5.2 4.1 14.6 7.2 0.1 1.5 0.9 5.0 15.1 14.7 14.7 3.8 5.2 2.6 3.8
MO05 MPW1B95
aug-cc- aug-cc-
MIDIX 6-31+ 6-31+ aug- aug- pV(T+ MIDIX 6-31+ 6-31+ aug- aug- pV(T+
MIDI! + B** G** pcl MG3S pc2 d)z MIDI! + B** G** pcl MG3S pc2 d)z

Si-O-H 113.7 117.1 119.2 1193 1175 1200 119.2 119.1 1136 1171 119.2 119.2 1174 1193 119.1 1189
Si—-O-Si 141.6 1424 144.1 180.0 139.0 1584 153.0 156.7 143.0 180.0 152.0 180.0 141.4 1575 153.0 155.6

MUE? 7.3 5.2 3.9 14.7 6.7 4.3 1.2 3.0 6.7 15.2 0.7 14.7 5.5 3.5 1.1 2.3
PW6B95 MO05-2X

aug-cc- aug-cc-

MIDIX 6-31+ 6-31+ aug- aug- pV(T+ MIDIX 6-31+ 6-31+ aug- aug- pV(T+

MIDIl  + B* G* pcl MG3S pc2  dz MDDl + B* G pcl MG3S pc2  d)z

Si-O-H 1135 1171 119.2 119.2 1174 1193 1191 119.0 1138 1178 106.1 1204 1183 1204 120.1 120.2
Si—O-Si 143.8 180.0 152.3 180.0 1420 157.7 153.2 155.7 1423 180.0 1465 180.0 140.1 156.7 152.2 156.2

MUE® 63 152 08 147 52 36 1.2 2.4 6.9 148 86 152 57 36 12 3.3
MP2

aug-cc-
MIDIX  6-31+ 631+  aug- aug- pV(T+
MIDI! + B G** pcl MG3S pc2 dyz
Si—O—H 113.0 117.0 118.8 118.7 116.4 118.3 118.2 117.8
Si—0-Si  139.9 144.1 144.9 180.0 137.3 151.2 147.7 148.7
MUE= 8.5 4.4 3.2 14.4 8.0 0.2 2.0 1.7

a2 MUE denotes mean unsigned error. ? For comparison, we note the following results of Tielens et al.:28 116.4, 135.6, and 8.9 with aug-cc-
pVvDZ; 118.5, 150.2, and 0.6 with aug-cc-pVTZ; and 119.1, 152.4, and 0.9 with aug-cc-pVQZ.

(and this value was selected as the benchmark in Table 3)largest difference among the angles given by the three
then hybrid functionals perform better. polarized triple¢ basis sets never exceeds0.4

The Si-O—H angle was found to be the most sensitive ~ The MUEs in Table 4 are the mean unsigned errors in
geometrical parameter of silanol. MIDI! always gives the these two bond angles. Not unexpectedly, most of the MUEs
smallest angle, deviating from the high-level CCSD result of the polarized triples basis sets are smaller than those of
of Table 3 by almost§ while other polarized doubl&-basis the polarized doublé-basis sets. The performance of the
sets perform fairly well. Except for the MO5 functional, the three polarized tripl€- basis sets depends on the functional.
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Table 5. Mean Unsigned Error (in A) of the Si—O Bond Distances in Silanol and Disiloxane

PDza pPTZ2

MIDI! MIDIX+ 6-31+B** 6-31+G** aug-pcl MG3S aug-pc2 aug-ccpV(T+d)Z
HCTH 0.028 0.044 0.040 0.032 0.040 0.007 0.012 0.011
MO6-L 0.017 0.028 0.025 0.011 0.027 0.007 0.003 0.005
mPWPW 0.032 0.040 0.040 0.020 0.040 0.010 0.010 0.010
PBE 0.033 0.049 0.046 0.039 0.047 0.016 0.021 0.020
VSXC 0.020 0.027 0.032 0.026 0.033 0.007 0.010 0.009
MPWLYP1M 0.028 0.046 0.043 0.031 0.044 0.014 0.018 0.017
TPSSh 0.021 0.030 0.032 0.020 0.034 0.004 0.007 0.006
B3LYP? 0.019 0.029 0.025 0.019 0.032 0.005 0.010 0.004
B97—-1 0.023 0.037 0.034 0.020 0.034 0.003 0.007 0.007
B1LYP 0.017 0.028 0.024 0.018 0.030 0.005 0.004 0.004
MO5 0.019 0.036 0.029 0.016 0.030 0.006 0.004 0.004
MPW1B95 0.010 0.019 0.020 0.009 0.022 0.009 0.004 0.006
PW6B95 0.012 0.020 0.021 0.009 0.023 0.008 0.003 0.003
M05-2X 0.014 0.025 0.027 0.016 0.029 0.002 0.003 0.002
MP2 0.022 0.041 0.041 0.024 0.044 0.003 0.009 0.009

apPDZ denotes polarized double-&; PTZ denotes polarized triple-. © For comparison, Tielens et al.28 obtained 0.056 with aug-cc-pvVDZ, 0.015

with aug-cc-pVTZ, and 0.007 with aug-cc-pVQZ.

For some functionals, one basis set gives smaller MUEs thanour charge distributions. The dipole moment depends strongly

others, while for some other functionals, another basis set
gives smaller MUESs. In most cases, the MUEs of 6-B¥*
are the smallest among the polarized doubleasis sets.
Among all the possible combinations of functionals and basis
sets, TPSSh/aug-pc2 and MPWLYP1M/aug-cc-p¥¢)Z
most closely reproduce the CCSD/MG3S and experimental
results (MUE= 0.29 and 0.33 respectively).

In Table S1 of the Supporting Information, we present
the calculated equilibrium SiO bond lengths of disiloxane
and silanol at various levels of theory, and in Table 5, we

on the geometry, the basis set, and the density functional.
The Si-O—Si bond angle plays an especially important role
in determining the value of the dipole moment, which reaches
a minimum (zero) for disiloxane when the-8D—Si angle

is linear.

In Table 6, we present the calculated dipole moments of
disiloxane and silanol at various levels of theory. Examining
the MUEs, MIDI! and aug-pcl have the smallest MUEs
among the five polarized double-basis sets with all
functionals. For the polarized triplgbasis sets, the MUEs

present the mean unsigned error (compared to the experi-of the MG3S basis set are always the smallest. Taking only

mental value for disiloxane and the theoretical CCSD/MG3S
value for silanol), averaged over these two bond lengths. For
the S0 bond lengths of disiloxane, polarized trigidsasis

polarized tripleg basis sets into consideration, the M05-2X
functional has the best performance for dipole moments.
Among all the combinations of functionals and basis sets,

sets always give shorter bond distances than polarizedTPSSh/MG3S and M05-2X/MG3S are the best methods,

double{ for a given functional, closer to the experimental
value of 1.634 A and the high-level CCSD/MG3S result of
1.626 A. For the SO bond lengths of silanol, among the
five polarized doubl€: basis sets, MIDI! always gives the

with MUEs of just 0.014 and 0.008 D, respectively. Other
hybrid functionals also perform very well.

3.3. Protonation/Deprotonation and Proton-Transfer
Reactions.In this section, we discuss proton-transfer reac-

shortest bond distances, closer to the values given by thetions. A proton-transfer reaction involves protonating the

polarized triple basis sets. All density functionals perform
very well with small MUEs. Among the five polarized
double£ basis sets, MIDI! performs the best. The MUES of
the polarized triple: basis sets are all smaller than those of
the polarized doublé- basis sets. The MG3S basis set
performs better than the other two polarized tripleasis
sets. Taking only polarized triple-basis sets into consid-
eration, the M05-2X and B1LYP functionals have the best
overall performances for the -SO distances of dixiloxane
and silanol.

3.2. Dipole Moments of Disiloxane and SilanolZwijnen-
burg et aFf? studied the polarity of StO bonds in siliceous
materials by calculating partial atomic changes. They found
that two different methods of extracting such changes from
DFT orbitals gave quite different results. We prefer, there-
fore, at least in the present study, to avoid such artificial
quantities. We will instead use the dipole moment, an

proton acceptor and deprotonating the proton donor. The
proton affinities of both disiloxane and silanol are sensitive
to the theoretical treatment. However, the accuracy with
which we can calculate protonation energy is important for
work with zeolites. The three possible proton-transfer reac-
tions involving disiloxane and silanol are listed in Figure 3.
The three reactions contain two protonation processés, H
+ (H3Si)0 — (H3Si);OH" and BSiOH + HT — H3SiOH,™,
and one deprotonation procesgtOH — Ht +H3SiO™.

In Table 7, the W1w proton affinities of4$i0~, H3SiOH,
and (HSi),0 are listed along with results from other accurate
theoretical calculations and experiments where available. The
G1 and G2 results are expected to be accurate-@® ial/
mol, which is reasonably accurate but not as accurate as
W1iw. The Wiw proton affinity of HSiO™ is 363.7 kcal/
mol. The best available ab initio calculated value is 364.1
+ 1.1 kcal/mol*?> With zero-point energy included, the

unambiguous physical observable, to gauge the accuracy ofproton affinity of the silanol anion is 355.7 kcal/mol. The
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Table 6. Dipole Moments of Silanol and Disiloxane (in Debye)

HCTH MO6-L
aug-cc- aug-cc-
MIDIX 6-31+ 6-31+ aug- aug- pV(T+ MIDIX 6-31+ 6-31+ aug- aug- pV(T+
MIDIl  + B*  G*™ pcl MG3S pc2 djz MDDl + B*  G* pcl MG3S pc2 d)z
silanol 1.478 1538 1467 1472 1242 1277 1250 1249 1.653 1548 1498 1493 1275 1315 1.272 1.274

disiloxane 0.330 0.532 0.556 0.461 0.427 0.251 0.256 0.237 0.203 0.396 0.479 0.000 0.436 0.219 0.234 0.219
MUE? 0.120 0.252 0.228 0.183 0.136 0.030 0.047 0.041 0.181 0.188 0.205 0.203 0.124 0.017 0.031 0.037

mPWPW PBE

aug-cc- aug-cc-

MIDIX 6-31+ 6-31+ aug- aug-  pv(T+ MIDIX 6-31+ 6-31+ aug- aug- pv(T+

MIDIl  + B* G* pcl MG3S pc2 d)z MDI + B* G™ pcl MG3S pc2  d)z

silanol 1515 1541 1498 1495 1.257 1.292 1.256 1.257 1515 1543 1495 1495 1.255 1.290 1.256 1.257

disiloxane 0.327 0.564 0.566 0.000 0.471 0.292 0.297 0.288 0.336 0.601 0.604 0.515 0.477 0.306 0.309 0.300
MUE? 0.137 0.269 0.248 0.204 0.151 0.043 0.064 0.059 0.142 0.289 0.266 0.221 0.155 0.052 0.070 0.065

VSXC MPWLYP1M

aug-cc- aug-cc-

MIDIX 6-31+ 6-31+ aug- aug- pv(T+ MIDIX 6-31+ 6-31+ aug- aug- pv(T+

MIDI  + B*  G™ pcl MG3S pc2 d)z MDDl + B* G* pcl MG3S pc2  d)z

silanol 1.544 1545 1.468 1.474 1.255 1.299 1.269 1.272 1.500 1555 1.502 1503 1.270 1.301 1.263 1.264

disiloxane 0.294 0.005 0.590 0.565 0.445 0.326 0.303 0.294 0.296 0.504 0.492 0.000 0.434 0.250 0.265 0.251
MUE? 0.136 0.226 0.245 0.236 0.138 0.057 0.061 0.055 0.114 0.246 0.213 0.208 0.126 0.018 0.044 0.037

TPSSh B3LYP?
aug-cc- aug-cc-
MIDIX 6-31+ 6-31+ aug- aug- pV(T+ MIDIX 6-31+ 6-31+ aug- aug- pV(T+
MIDI! + B** G** pcl MG3S pc2 d)z MIDI! + B** G** pcl MG3S pc2 d)z
silanol 1524 1552 1504 1501 1.274 1.308 1.275 1.277 1509 1557 1504 1505 1.284 1313 1.280 1.281
disiloxane 0.292 0.000 0.456 0.000 0.440 0.231 0.254 0.244 0.292 0.001 0.000 0.000 0.412 0.200 0.251 0.209
MUE?2 0.125 0.232 0.197 0.207 0.127 0.014 0.083 0.027 0.116 0.234 0.208 0.209 0.107 0.027 0.029 0.039
B97-1 BI1LYP
aug-cc- aug-cc-
MIDIX 6-31+ 6-31+ aug- aug- pVv(T+ MIDIX 6-31+ 6-31+ aug- aug- pV(T+
MIDI! + B** G** pcl MG3S pc2 d)z MIDI! + B** G** pcl MG3S pc2 d)z
silanol 1507 1549 1501 1.502 1.278 1.308 1.277 1.277 1503 1559 1504 1506 1.288 1.316 1.282 1.284

disiloxane 0.321 0.527 0.538 0.000 0.450 0.258 0.268 0.254 0.286 0.000 0.000 0.000 0.405 0.185 0.218 0.196
MUE® 0.130 0.254 0.236 0.207 0.130 0.019 0.039 0.082 0.111 0.236 0.209 0.209 0.102 0.033 0.033 0.044

MO05 MPW1B95
aug-cc- aug-cc-
MIDIX 6-31+ 6-31+ aug- aug- pVv(T+ MIDIX 6-31+ 6-31+ aug- aug- pV(T+
MIDI! + B** G** pcl MG3S pc2 d)z  MIDI! + B** G+ pcl MG3S pc2 d)z
silanol 1513 1554 1515 1513 1.299 1.322 1.271 1273 1510 1.554 1499 1500 1.284 1315 1.284 1.286

disiloxane 0.310 0.529 0.561 0.000 0.464 0.205 0.228 0.192 0.317 0.000 0.556 0.000 0.426 0.206 0.233 0.210
MUE? 0.128 0.258 0.254 0.213 0.126 0.020 0.034 0.051 0.130 0.234 0.244 0.206 0.115 0.023 0.025 0.036

PW6B95 M05-2X
aug-cc- aug-cc-
MIDIX 6-31+ 6-31+ aug- aug- pV(T+ MIDIX 6-31+ 6-31+ aug- aug- pV(T+
MIDIl  + B*  G*™ pcl MG3S pc2 djz MDDl + B*  G*™ pcl MG3S pc2 d)z
silanol 1501 1553 1495 1497 1281 1310 1279 1280 1483 1589 1505 1511 1.299 1328 1.298 1.307

disiloxane 0.313 0.000 0.409 0.000 0.423 0.207 0.234 0.211 0.349 0.000 0.483 0.000 0.442 0.237 0.270 0.240
MUE? 0.129 0.233 0.178 0.213 0.106 0.019 0.031 0.042 0.146 0.234 0.207 0.206 0.123 0.008 0.037 0.021

MP2
aug-cc-
MIDIX  6-31+ 631+  aug- aug- pV(T+
MIDI! + B G** pcl MG3S pc2 dyz
silanol 1.581 1.670 1.645 1.638 1.450 1.431 1.403 1.408
disiloxane  0.411 0.590 0.625 0.000  0.614  0.329 0.358 0.357
MUES 0213 0.347 0.351 0.275  0.248 0.096 0.097 0.099

2 MUE denotes mean unsigned error. ? For comparison, Tielens et al.28 obtained 1.304, 0.554, and 0.169 with aug-cc-pVDZ; 1.278, 0.289,
and 0.049 with aug-cc-pVTZ; and 1.276, 0.251, and 0.031 with aug-cc-pVQZ.

G2 result is 356.2 kcal/mdféand the ab initio result is 356.2  value for this quantity. The W1w proton affinity of disiloxane
+ 2 kcal/mol at 0 K!?°in agreement with the Wiw result. is 179.0 kcal/mol, which is the same as the G2 value; again,
The AH®,95 value calculated using Wiw is 355.3 kcal/mol; there is no experimental value for this quantity. Only low-
this calculated value is in good agreement with the experi- level theoretical calculations have been repottédnd these
mental value of 352+ 4 kcal/mol?” The W1w proton give higher values for the proton affinity. The results in Table
affinity of silanol is 176.8 kcal/mol. The G2 value is 0.7 7 indicate that the proton affinities of silanol and disiloxane
kcal/mol higher (177.5 kcal/mol); there is no experimental are nearly the same.
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SiHg /SiHa
H3si—OH + Q —> Hs$i—O  + +H—O\
SiHs SiH;
I
H+

HaSi—OH + Hs8i—OH — H;Si—O0 + H3Si——0\
H

Il

SiH, Sits
+
HsSi—OH,* + O —> HySi—OH + H—OQ
SiHg SiHg
il
Figure 3. Proton-transfer reactions.
Table 7. Comparison of W1w Proton Affinities of
Literatures Values (kcal/mol)
calculated
present Wiw G1 and G215 Koputt24
Zero-Point Exclusive
SiH30~ 363.7 363.32 364.1+1.1
SiH3;0H 184.2 184.32 N/A
(SiH3)20 186.3 185.92 N/A
AHo
SiH30~ 355.7 356.20 356.2 £ 2
SiH30H 176.8 177.5 N/A
(SiH3)2.0 179.0 179.0¢ N/A

aN/A denotes not available ? G2 theory (ref 125) ¢ G1 theory
using MP2 for the 6-311+G(d,p) and 6-311G(d,p) basis set extensions
(ref 125).

Table 8. Benchmark Values of Proton Affinities and
Proton-Transfer Reaction Energies (Zero-Point Exclusive)
at the Wiw//B97-1/aug-cc-pV(T+d)Z Level

AE
reaction (in kcal/mol)
Proton Affinities

(H3Si),0HT — H* + (H3Si),0 186.3
H3SiOH,™ — H* + H3SiOH 184.2
H3SiOH — H*+H3SiO~ 363.7

Proton-Transfer Reaction Energies
reaction 12 177.4
reaction 112 179.5
reaction 112 -2.1

2 Reactions I, Il, and Il are illustrated in Figure 3.

Zhang et al.

Table 9. Mean Unsigned Error of Three Proton Affinities
and Three Proton Affinities and Three Proton-Transfer
Reaction Energies by High-Level and Multicoefficient
Methods (in kcal/mol)

proton affinities
proton and proton-transfer

affinities reaction energies

CCSD/MG3S 111 1.10
BMCCCSD//CCSD/MG3S 0.49 0.78
BMCCCSD//B97-1/aug-cc-pV(T+d)Z  0.49 0.57
MCG3/3 //[CCSD/MG3S 112 0.86
MCG3/3//1B97-1/aug-cc-pV(T+d)Z 1.07 0.83
W1iw// CCSD/MG3S 0.05 0.05
W1w//B97-1/aug-cc-pV(T+d)Z 0 0

cc-pV(T+d)Z level. The results obtained with DFT for the
protonation/deprotonation energies and the overall proton-
transfer reaction energies are given in Tables S4 and S5
(Supporting Information) and Table 10, respectively.

For proton affinities, the MIDIX- basis set has the largest
average MUE, in particular, 6.84 kcal/mol (Table S5,
Supporting Information), and the MG3S basis set has the
smallest average MUE, namely, 1.07 kcal/mol. The only
functionals for which MG3S does not have the smallest error
are the MPWLYP1M and M05-2X functionals. The func-
tionals with a percentage of HartreBock exchange less
than or equal to 5% have MUESs systematically larger than
those with 10% or more Hartred-ock exchange. M05-2X
with 56% HF exchange has the smallest average MUE
values, in particular, 3.35 kcal/mol for polarized double-
basis sets and 0.23 kcal/mol using polarized tripleasis
sets. The same trends are observed in the MUES of the three
energies of the proton-transfer reactions in Figure 3. Tables
S4 and S5 in the Supporting Information are full tables of
the MUEs for the three proton affinities and the three
energies of reaction, respectively, while Table 10 gives
MUEs averaged over all six of these quantities. Table 10
shows that, for three proton affinities and three energies of
reaction, MG3S has the smallest error in most DFT calcula-
tions, the exception being for the M05-2X functional. It is
found that all of the average MUEs for polarized double-
basis sets are larger than 3 kcal/mol. The corresponding
values for polarized triplé-basis sets are all 1.41 kcal/mol
or less.

Among the polarized doublé-basis sets, aug-pcl is the
largest and performs the best in many cases. MIDI! is the
smallest basis, but it performs better than some bigger basis
sets (6-3#B** and 6-31+G**). Among the polarized
triple- basis sets, MG3S is the best one for energies.
MPW1B95 and M05-2X are the best functionals for energies
with polarized doublé&: basis sets.

3.4. Composite Evaluation.In order to draw overall

The benchmark values for the protonation/deprotonation conclusions about the relative merits of the theoretical
energies and the three proton-transfer reaction energies arénethods, we define a composite mean normalized percentage

give in Table 8. The MUEs of these proton affinities and
proton-transfer reaction energies for high-level and multi-
coefficient methods are given in Table 9. All the errors in

unsigned error as

CMN%UE = [MN%UE (anglesH- MN%UE(distances)-

the tables are relative to the benchmark Wiw results MN%UE(dipole moments} MN%UE(proton activity)]/4

calculated using the geometries obtained at the B97-1/aug-

@)
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Table 10. Mean Unsigned Error of Three Proton Affinities and Three Proton-Transfer Reaction Energies (in kcal/mol)
X2  MIDI'! MIDIX+ 6-31+B* 6-31+G** aug-pcl av (PDZ)? MG3S aug-pc2 aug-cc-pV(T+d)Z av (PTZ)?

HCTH 0 356 4.74 5.24 5.01 3.96 4.50 2.04 2.50 2.48 2.34
MO6-L 0 416 4.43 3.35 3.40 2.95 3.66 1.18 1.86 2.08 1.71
mPWPW 0 291 6.29 4.43 4.04 3.44 4.22 1.69 2.16 2.15 2.00
PBE 0 279 7.14 4.39 4.18 3.85 4.47 2.14 2.37 2.44 2.32
VSXC 0 354 5.58 3.86 3.73 3.00 3.94 1.72 1.93 1.98 1.88
MPWLYP1M 5 331 7.29 4.19 3.74 3.93 4.49 2.26 2.30 2.41 2.32
TPSSh 10 4.08 4.72 3.28 2.93 2.22 3.44 0.60 0.95 1.01 0.85
B3LYP 20 433 5.49 3.08 2.72 2.33 3.59 0.41 0.82 0.79 0.67
B97-1 21 421 4.77 3.82 3.62 2.44 3.77 0.88 1.38 1.26 117
BILYP 25 459 5.30 3.01 2.75 2.14 3.56 0.22 0.60 0.56 0.46
MO5 28 4.10 4.53 4.58 3.98 2.30 3.90 0.53 1.59 1.03 1.05
MPW1B95 31  4.47 5.04 2.78 2.48 1.61 3.28 0.31 0.55 0.36 0.41
PW6B95 46 4.48 4.96 3.10 2.76 1.85 3.43 0.34 0.77 0.58 0.56
MO05-2X 56 4.95 4.79 2.34 2.38 1.60 3.21 0.46 0.13 0.25 0.28
MP2 100 4.08 6.61 3.68 3.50 2.82 4.14 1.58 0.89 1.47 131
av 3.97 5.44 3.68 3.41 2.70 3.84 1.09 1.39 1.39 1.29

a X denotes the percentage of Hartree—Fock exchange in the functional. » PDZ denotes polarized double-¢; PTZ denotes polarized triple-¢.

Table 11. Composite Mean Normalized Percentage Unsigned Error of 12 Geometrical Data, Dipole Moments, and Proton
Activity Data on Basis of Calculations on Six Silicon-Containing Molecules

X2 MIDI' MIDIX+ 6-31B* 6-31+G** aug-pcl av(PDZ)? MG3S aug-pc2 aug-cc-pV(T+d)Z av (PTZ)?

HCTH 0 6.00 10.20 9.52 7.39 6.73 7.97 1.53 2.28 2.02 1.94
MO6-L 0 841 8.65 8.04 9.81 6.07 8.20 1.03 1.64 1.77 1.48
mPWPW 0 6.81 11.30 9.92 10.13 7.31 9.10 2.09 3.17 2.92 2.72
PBE 0 7.22 12.36 10.82 8.75 7.70 9.37 2.71 3.59 3.37 3.22
VSXC 0 6.90 11.05 10.40 9.94 7.01 9.06 3.61 3.76 3.54 3.63
MPWLYP1M 5 550 10.08 8.20 10.12 6.04 7.99 1.25 1.98 1.70 1.64
TPSSh 10 5.68 11.32 7.19 9.89 5.92 8.00 1.00 1.30 1.19 1.16
B3LYP 20 5.36 11.46 10.02 9.93 4.87 8.33 1.75 131 191 1.66
B97-1 21 6.46 10.25 9.19 10.03 6.20 8.42 0.78 1.79 1.45 1.34
BILYP 25 5.09 11.47 10.03 9.97 4.59 8.23 2.12 1.67 2.21 2.00
MO05 28 6.04 10.28 9.74 10.18 5.91 8.43 1.60 1.58 2.39 1.86
MPW1B95 31 589 11.26 8.49 9.72 5.15 8.10 1.54 1.15 1.70 1.47
PW6B95 46  5.63 11.23 6.17 9.70 5.13 7.57 1.63 1.24 1.77 1.55
MO05-2X 56 6.10 11.80 8.96 10.09 5.29 8.45 0.79 1.24 0.98 1.00
MP2 100 9.02 13.32 12.76 12.19 10.29 11.52 3.36 3.68 3.76 3.60
av 6.41 11.07 9.30 9.86 6.28 8.58 1.79 2.09 2.18 2.02

a X denotes the percentage of Hartree—Fock exchange in the functional. » PDZ denotes polarized double-&; PTZ denotes polarized triple-¢.

where the mean normalized percentage unsigned error ofnot only the smallest polarized tripiebasis set tested, it is

quantity Q is also, on average, the most accurate. (3) MIDI!, although it
was originally developed for Hartred-ock calculations of
MN%UE(Q) = MUE(Q) % 100% 2) geometries and charge distributions, and although it is the
MV(Q) smallest polarized doublg-basis set and has no diffuse

and MV(Q) is the mean value o®. For geometries, it can functions, has a composite mean percent_age_ error of only
be calculated from Tables 4 and 5 that MV(angles) is 134.9 6.35%, averaged over.the funct|onal§, which is better than
and MV(distances) is 1.6395 A. It can be calculated from three of the large polarized doubiebasis sets and the same
Table 6 that MV(dipole moments) is 0.7835 D. The corre- &S the other, which has more than twice as many basis
sponding MUESs are in Tables. For proton activity, MV funct.lons .(see Table 2_). (4) The most accurate density
is the average of the absolute values of the six numbers infunctional is M05-2X, which also hésexcellent performance
Table 8, which yields MV= 182.2 kcal/mol, and MUE ijs  for @ wide range of other quantities in main-group chemistry.
the value in Table 10. One reason for examining both local functionals (i.e., those
Table 11 allows us to draw several important conclu- with X = 0) and nonlocal functionals is that local functionals
sions: (1) Polarized triplé-basis sets have errors about 4 are more computationally efficient, especially when one uses
times smaller than polarized doubiebasis sets. Even the density fitting!?® which can only be used efficiently when
least accurate polarized triplebasis set is about 3 times X = 0. To illustrate this, we timed single-point energies on
more accurate than the best doublbasis set. (2) MG3Sis  an oligo(dimethylsiloxane), namely, 3,5-tetramethyltetrasi-
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loxane, with M05-2X (for whichX = 56) and MO06-L (for (2) Warren, M. C.; Ackland, G. J.; Karki, B. B.; Clark, S. J.
which X = 0), in both cases with the MG3S basis set, and Mineral. Mag.1998 62, 558.

in the latter case using density fitting. The ratio of computing  (3) Dubrovinsky, L.; Saxena, S. K.; Ahuja, R.; Johansson, B.
times was a factor of 2.6. Furthermore, as the system size is Geophys. Res. Lett998 25, 4253.

increased and in the limit of large systems, the computing
time for X = 0 scales adl®, whereN is the number of atoms,
while that forX = 0 scales ad\*. Therefore, the reduction (5) Kihara, K.Phys. Chem. Miner2001, 28, 356.

in cost when using local functionals can be quite significant  (6) Gibbs, G. V.; Cox, D. F.; Ross, N. [Phys. Chem. Miner.

(4) Tjabane, M.; Lowther, J. ERPhysica B1999 270, 164.

for studying large silica systems. 2004 31, 232.
In light of the favorable cost of local functionals, it is (7) Tsuchiya, T.; Caracas, R.; TsuchiyaGkophys. Res. Lett.
interesting to carry out a performance comparison focusing 2004 31, L11610.

only onX f: 0 fL.‘”Ct'lonals Ihn Tablle 1L de Sge thlat the most gy | | Weidner, D. J.; Brodholt, J.; AlfeD.; Price, G. D.;
accurate functionals at the polarized trigldevel are (in Caracas, R.; Wentzcovitch, Rhys. Earth Planet. Inter.
order) M06-L, HCTCH, mPWPW, and PBE. In fact, these 2006 155, 249.

four local functionals are all more accurate than MP2 (a WFT

method), which scales A (9) Wentzcovitch, R. M.; Tsuchiya, T.; Tsuchiya,Rroc. Natl.

Acad. Sci. U.S.A2006 103 543.

(10) Umemoto, K.; Wentzcovitch, R. M.; Allen, P. Bcience
2006 311, 983.

4. Conclusions

A total of 14 DFT methods in combination with eight basis
sets were assessed on a variety of properties, such as the(1l) Ma, Y.; Garofalini, S. HPhys. Re. B: Condens. Matter
structures, dipole moments, and proton affinities of disiloxane Mater. Phys2006 73, 174109.

and silanol. For disiloxane conformers, the results obtained (12) Sastre, G.; Corma, Al. Phys. Chem. B00§ 110, 17949.
with the M05-2X functional in combination with polarized (13) Susman, S.: Volin, K. J.: Price, L. D.; Grimsditch, M. Rino,

triple-¢ basis sets are in best agreement with the experimental J. P; Kalia, R. K.; Vashishta, P.; Gwanmesia, G.; Wang, Y.;
and best estimate computational results. For silanol, the use Liebermann, R. CPhys. Re. B: Condens. Matter Mater.
of the MG3S basis set with DFT allows us to obtain values Phys.1991, 43, 1194.

for several difficult propertles that agree yvell with experi- (14) Tsuneyuki, S.; Matsui, YPhys. Re. Lett. 1995 74, 3197.
mental results or high-level WFT. In particular, the MO5-

2X and MO6-L calculations agree with the best estimates (15) Samthein, J.; Pasquarello, A.; CarFRys. Re. Lett. 1995

within, respectively, 1 and £ for two bond angles, 0.002 74, 4682.

and 0.003 A for two bond distances, 0.01 and 0.02 D for (16) Sarnthein, J.; Pasquarello, A.; CarFRys. Re. B: Condens.

two dipole moments, and 0.5 and 1.2 kcal/mol for six proton Matter Mater. Phys1995 52, 12690.

affinities and proton-transfer reaction energies. (17) Pasquarello, A.; Car, RPhys. Re. Lett. 1997, 79, 1766.
On average, the mosF ac_curate density functioqal for both (18) Benoit, M.: Ispas, S.: Jund, P.: Jullien, Bur. Phys. J. B

geometries and energetics is M05-2X, and M0O6-L is the most 200Q 13, 631.

accurate local density functional. MIDI! is the smallest )

polarized doublé: basis set tested but gives results in closer (19 Valle, R. G. D.; Venuti, EPhys. Re. B: Condens. Matter

agreement, on average, with augmented polarized t&iple- Mater. Phys1996 54, 3809.

basis sets than do the more popular polarized do@ilbasis (20) Boureau, G.; Carniato, S.; Tetot, R.; Harding, J.Ntl.

sets, and its performance is as good, on average, as the much ~ Simul.1997 20, 27.

larger aug-pcl basis set. MG3S is not only the smallest (21) Huang, L.; Duffrene, L.; Kieffer, Jl. Non-Cryst. Solid2004
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