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A popular class of interionic pair potentials for simulation of the properties of condensed-phasas8fO

two calibrations: first-principles electronic structure results for a small cluster and experimental crystalline
data. The clusters are argued to be broadly valid prototypes for the local structural and bonding behavior of
condensed-phase SiOrhis approach introduces an issue: the extent to which there is prototypical computed
behavior for small silicates irrespective of cluster size, symmetry constraints, methodological refinement,
and accuracy of implementation (basis set). By extension, the issue of commonality vs diversity in small
silicates arises. We address those issues by comparative study of 12 systems containing one or two Si atoms
in combination with H, O, and bare protons. We use several different levels of theoretical refinement and
various basis sets. Though some chemical trends are clear, there is no clear single prototype for condensed-
phase Si@(including no clear preference to tetrahedral symmetry). We find a wide diversity of bond lengths,
bond angles, and interaction energies and significant methodological consequences that go largely ignored in
the potential-fitting literature.

Overview (basis set). By extension, the issue of commonality vs diversity
) ) ) in small silicates arises.

In the molecular dynamics (MD) simulation of condensed-  gisewhere, we will treat the role of first-principles crystalline
phase properties, the most popular technique is to remove thecyicyations in lieu of parametrization to experimental crystalline
explict quantum mechanical behavior of the electrons by use yat43 and present the MD results for a sample system based
of an interionic potentiaﬂ:.2 The technologically and scientifi- o various parametrizations from purely computed inptittere
cally important case of Sigs an examplé Among the several e focus exclusively on candidates for prototype molecules and
widely used parametrized interactiohswe focus on the so-  ¢jysters. We study the effects of cluster size, ionicity, termina-
called TTAM® and BKS'® potentials. There are hundreds of tjon, choice of approximation [restricted HartreBock (RHF),
citations to use of these pOtentia|S, a Sign of the extent to which second-order many_body perturbation theory (MBPT(Z)), Coupled
they are viewed in the materials simulation community as cluster theory], basis set quality, and other technical choices.
successful. This success is intriguing for chemical physics |n the materials simulation community, the prevailing view
because the BKS and TTAM parametrization schemes shareseems to be that these technical aspects do not have major
an important assumption at the molecular level, namely, the significance for the parametrized potential. We show otherwise
critical role of properties of a small, terminated,Sj cluster in quite specific ways. The essential outcome is this: while there
computed from quantum chemical methods. are undeniable (and unsurprising) chemical trends in families

The issues in potential parametrization are well-summarized of clusters, the use of a low-level quantum mechanical treatment
by Brennerl® For the BKS and TTAM interactions, a pairwise of a single small cluster in a small basis is not justifiable as a
functional form is stipulated. Of course, three-body interactions meaningful prototype.
are known to be importaftt-12put that is not the issue at hand.

Rather, our focus is on the molecular inputs to a popular two- Potential and Parameters

body form. The procedure used by both BKS and TTAM is to
find parameter sets that fit the potential to Hartréeck results
for the structure and energetics _ofaparticula_r te_rminate@r_Si potentials have the same form. For ionsj with relative
cluster. TTAM and BKS use different terminations of IO displacement;; the pairwise potential (in eV) is

From among those parameter sets, the one that yields the best
fit to a selected set of calculated crystalline properties is chosen. ¥QQ
Details differ, but this is the essential scheme. U, = !

Implicit in this calibration procedure is the assumption that T i
a single, well-chosen, small, terminated cluster is the prototype
for the local structural and bonding behavior of condensed-phaseBecause of their forms, these are called Coulomb, Buckingham,
SiO,. The essential reasoning is that tetrahedral behavior and van der Waals terms, respectively. The notation differs
dominates. Such reasoning raises questions as to the extent tdeliberately from the original papers to provide a common basis
which there is prototypical computed behavior for small silicates for comparison« is the conversion from electrohper A to
more or less irrespective of cluster size, symmetry constraints, eV (~14.402); hence, th€); are in units of electron charge
methodological refinement, and accuracy of implementation magnitude.

The published parameters have significant implications for
the issue of molecular prototypes. The TTAM and BKS

’J/..
+ oy exp[=p;ry] — _Us (1)
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TABLE 1. Parameters for the TTAM and BKS Potentials configuration as the “optimized geometry” (ref 8, p 5069, Table
for Silica® 1), they also make a somewhat cryptic remark slightly before
aj Bi Vi introducing that table: “We use the optimized geometries of
SI—Si TTAM 8.7235x 10 15.2207 23.30 the TGy clusters as starting point of the deformations.” In this
Si—Si BKS 0 0 0 case “T"is Si. But that would not give Sibut SiQ*~, which
Si—O TTAM 10721.5 4,7959 70.7343 is nowhere mentioned in ref 8. A page later those authors also
Si—O BKS 18003.8 4.8738 133.538 remark that the @0 potential function they were parametrizing
O-O TTAM 1756.90 2.8464 214.736 “...enforces a tetrahedral arrangement of the oxygen atoms
0O—0 BKS 1388.773 2.760 175.00 I N - - -
around the central silicon atom.” It will be recognized im-
2o is in eV, B in AL, andy; in eV A°. mediately that tetrahedral symmetry for the $@re is crucial

) . . o for parametrizing a pairwise potential: if the SiCore is not
Despite qualitatively dl_fferent parametrization procedures, tetrahedral, then there are two simultaneous optimuA00
both TTAM and BKS arrived aQsi = 2.4 andQo = —1.2. distances to be fit by a potential that has only one minimum.

(Shell model¥>1%are compelled by their properties to havg o o S o
- Co . . . . . ur sense of the prevailing view in the MD community is
= 4.0, which is physically and chemically implausible.) Unlike . .
) that computational methods used on the parametrizing clusters
BKS, all the TTAM parameters are determined atom by atom, . : . o
so that the TTAM interaction parametrization is additive: 'S belleveq o have relatively little Impact on the eventual MD.
results. This idea may have been reinforced by the methodologi-
A+ A cal compari;on .in the second BKSpaﬁé’rhough BKS stgdied
oy = (B, + Bj) eXF{B B methodological impacts by c_omp_arlngx)(an older, very simple _
i j one-parameter DFT approximation), MBPT(2), and RHF, their
1 limited comment downplayed the quite visible differences they
found. See their Figure 3 and related discussion. A difficulty
i ] they apparently did not notice is that their heteronuclear cluster
7i = GG ) will not separate properly to its consituent atoms in either RHF
or any local or gradient-corrected approximate DFT (including
with A, Bi, and G the atomic parameters for atom Im- Xa). This flaw is significant for fitting of the 1f term in the
mediately, the TTAM Si-Si parameters for the Buckingham Potential.
and van der Waals terms are nonzero, while in BKS they vanish Moreover, well before the BKS papers, there was published
by design. evidence that procedure does matfet? The methods used in
Table 1 gives the parameters corresponding to publishedthose papers were similar to BKS (except that the earlier work
values for the two potentials. Leaving aside the built-in did not use a pseudopotential). The earlier papers reported
difference in Si-Si interactions, the SiO and O-0 interactions equilibrium cluster conformations and dimensions that differed
differ oddly. While the fitted charge®s; and Qo are identical substantially from the BKS results. Though cited in BKS, the
for the two potentials, the BKS SiO Buckingham prefactor is  disparities apparently went undiscussed until now. Note also
68% larger than the TTAM value, yet the BKS-@ prefactor that the latter Lasaga and Gibbs paper argues that treatment of
is smaller than TTAM by 21%. The SiO van der Waals electron correlation (i.e., approximations more refined than RHF)
parameters differ by almost a factor of 2. Taken together, one is not needed. We find otherwise.
sees that the two potentials would describegsamemolecule We investigated the impact of (a) degree of inclusion of
rather differently. electron correlation and (b) basis set size upon the optimized
For clusters of Si@interacting in a simulation, clearly the  geometry and lowest vibrational frequencies for the BKS cluster,
two potentials are quite close for large intercluster separation. H,SiO,. The study involved three levels of refinement, RHF
At small Si=Si separations matters are different. The TTAM  (as used by both BKS and TTAM), MBPT(2), which includes
Si—Si interaction is more repulsive by about 190 eMa but some electron correlation, and coupled-cluster single and double
lessrepulsive, by about 0.35 eV, at 2 A. (The artifactual hole excitations plus noniterative (perturbative) triple excitations
at the origin can be ignored; usually it is suppressed in MD [CCSD(T)], the most thoroughly correlated calculations. CCSD-
without loss of realism by such techniques as adding a highly (T) is essentially the state of the art for accurate computational
repulsive, extremely short-ranged interaction such&$) quantum chemistry tod&.In all of the correlated calculations
the core orbitals were frozen.

BKS® used a 6-31G* basis with the core pseudopotential
BKS used a hydrogen-terminated clusterSHD,. This of Barthelat et af?> The smallest basis set we used is the 6-31G*
termination gives a structure that differs dramatically from the set used by BKS. An important distinction is that we did all-
TTAM cluster; compare with the next section. Because of the electron calculations throughout (no pseudopotentials). We also
attraction to a neighbor oxygen, BKS found that their cluster used two larger basis sets, 6-311&*and, for the coupled
had an SO—H bond angle of 119.92in a quasi-cyclic cluster calculations, aug-cc-pVDZ For all these calculations
geometry (see Figure 1 in ref 8). In addition, though they we used the ACES-II cod®.Table 2 shows EBiO, equilibrium
allowed D,y distortions (oxygens bent toward one another geometric parameters from the various calculations as compared
pairwise), BKS nonetheless arrived at an equilibrium cluster to the BKS values. We constrained the molecule to haxe
with a tetrahedral corelJO—Si—O = 109.47. Both results symmetry rather than th& symmetry that emerged from the
contradict the findings of a much earlier study of3#O, aimed BKS methodology. The equilibrium SO bond length ranges
at understanding silica and silicafésThat work, at roughly over 1.622-1.675 A as the basis sets and methods are changed,
the same level of theoretical refinement except for a lower quite a substantial deviation for parametrization of a potential.
quality basis set, gave a nontetrahedralSi@e, a bond length  In particular, for the highest level of theoretical refinement and
0.025 A longer than BKS found, afdSi—O—H = 108.8. Also largest basis set, CCSD(T)/cc-aug-pVDZ, we find a bond length
note that though BKS designate the tetrahedratSD-O of 1.675 A compared to their 1.625 A. The-Gi—0O bond

Appraisal of the BKS Approach
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TABLE 2: Dependence of Equilibrium H4SiO, Geometries TABLE 4: RHF Mulliken and Natural Bond Orbital
upon Method and Basis Choicé Populations for the BKS Cluster H,SiO, Calculated at the
- - - - Equilibrium Geometry from RHF/6-31G* Geometry in C;
method/basis SiO O-H O-Si-O H-0-Si Symmetry (R(Si—0) = 1.629 A)

RHF/6-31G* 1631 0.947 11132-3 1.2 basis  Si(NBO) Si(Muliken) O (NBO) O (Mulliken)

RHF/6-311G** 1.622 0.937 103.4 121.6 6-31G* 2.600 65 1.48798 —1.17043 —0.84804
112.6 6-311G** 2.519 63 1.60799 —-1.12709 -0.70911

MBPT(2)/6-31G* 1.654 0.970 101.8 114.5 aug-cc-pvDZ 2.673 67 3.106 65 —1.18834 —0.91438
113.5

MBPT(2)/6-311G** 1640 0.956 1113%9 118.8 the small basis RHF results of BKS and the present large basis,

CCSD(T)laug-cc-pvDZ ~ 1.675 0.966  100.3 114.0 highly correlated caIcuIauon; [CCSD(T)]. The main point is
114.2 that the BKS value of the SiO bond length is substantially

BKS 1.625 0.949  109.47 119.92 too short: 1.63 A vs 1.6806 A for the tetrahedrally constrained

2 Bond lengths in A, angles in defka symmetry. For comparison, system (a_nd almost as short with respect to 1.6753 A for the
the BKS published valuésre given. unconstrained case).

TABLE 3: Dependence upon Method and Basis Set Choice Appraisal of the TTAM Approach
of Calculated Low-Lying Vibrational Frequencies (cm™1) for ) ) )
Dog Symmetry H,SiO, TTAM used a Si@* + 4e" cluster (an Si@*~ neutralized

method/basis " Vs Vs by four point positive charges, each a distance 1.65 A radially
outside the corresponding oxygen). No basis functions were

Sﬂgg:gﬁéﬂ %ZZ gi’é gég centere_d on the point charges. TTAM attempted to motivaFe
MBPT(2)/6-31G* 181 277 316 the choice as having a geometry common to both silica and its
MBPT(2)/6-311G** 198 291 327 melt. The bare charges pose a technical problem for the most
CCSD(T)/aug-cc-pVDZ 163 266 318 refined approximation, CCSD(T). We did treat thedeforma-

) tion (uniform expansion or contraction of the-%) bond length)
angles range over roughly 106120°, also a substantial  \eqr the equilibrium structure for the TTAM cluster and their
deV|at|on.from the tetrahedrql value detgrmmed bY,BKS' basis set within the RHF and MBPT(2) approximations using

A possible reason for the discrepancy g3, equilibrium the Q-Chem cod& The MBPT(2) value for the equilibrium
geometries is that BKS used a pseudopotential. This speculationg;_q pond length is 1.64 A. TTAM do not quote their result
is consistent with the discrepancy between their results and ang,; ihe equilibrium SO bond length, but it appears to be about
earlier all-electron RHF/STO-3G calculatishWe did not 1 g3 & jyst as with BKS, the differences betweeen the TTAM
pursue the matter except to do an all-electron calculation at about 5| ,es and the present o’nes occur mostly for two reasons: our

the same level of approximation as BKS, RHF with a 6-31G* ;56 of more refined methods and our allowing for full geometry

basis set. The result SO—Si—0O = 103.3, still substantially optimization.

i\(’)\@} flr7or£ the L?’KS hvallli.e #Ut clos?_r to the RHF/_STO'?’;; Turning to basis sets, TTAMused a Si (12s8p2d)/[5s3p2d]
T2 Again, for the highest quality approximation and y,,qis anq g (9s6p)/[3s,3p] basis foPOUsing their basis set

'f'”geSt basis set, we get 1.00(3“9 sma!ler angle) and cannot (in the Q-Chem cod®), we obtain a frequency of 2565 and

find a way, except for outright constraint, to get 109.4¥he 2608 cnt! for the frequency of tetrahedral deformation mode

shift from equilibrium to tetrahedral ©Si-O bond angle o RHF and MBPT(2) calculations, respectively. With the
introduces a spurious strain energy of 2.9 eV. Such a large Sh'ftsomewhat larger 6-311G* basis set, these shift to 2789 and

obvioqsly is a substantive issue for parametrization of any ,-¢, e, respectively. Again it is apparent that changes in
potential. the vibrational frequency of this magnitude would correspond

. Another measure of th_e appropriateness of a given potenUaIto considerable variation in the parametrization.
is to examine the restoring forces for small deviations from

equilibrium. We use the first few vibrational frequencies of the
molecule to assess this fundamental effect. Table 3 shows the
dependence of those frequencies upon changes in basis sets and Regarding effective charges, BKS rationalifgg= 2.4 from
methods. Again, there is substantial variation with respect to the fact that a fit of the potential to their cluster results alone
basis set and method, a factor of 1.48. This factor correspondsgives a value of 2.2 “in reasonable agreement with the Mulliken
to reference force constants differing by more than a factor of value” (they found 1.8). TTAM also appealed to Mulliken
2, a variation that would be reflected in the resulting BKS-like populations in their determination osi. There are two
parametrization. Note that these variations from what BKS found problems with this rationalization. Mulliken population analyses
are irrespective of the additional dependence upon choice of aare notoriously sensitive to basis set effects (noted by TTAM
pseudopotential, something neither we nor they tested. Also,as one reason for choosing a non-Mulliken value ().
note that we find generally lower frequencies than the RHF/ Second, different clusters have different populations. The latter
STO-3G valué’ for this cluster. issue is so obvious that we have not bothered to study it.

The fact that no combination of level of theoretical refinement  To test for basis set effects on calculated charges, we adopted
and basis set gives a tetrahedral geometry led us to consider dhe equilibrium geometry for the BKS and TTAM clusters as
“tetrahedrally constrained” BKS cluster. “Tetrahedrally con- determined by the richer basis RHF calculations. We then did
strained” is shorthand for two constraints: (i) the ire is RHF calculations for all three basis sets and used the results as
required to havélO—Si—0 = 109.47; (ii) the terminating Hs input to both Mulliken and natural bond orbit&l(NBO)
are required to lie in the quasi-cyclic pattern used by BKS. The population analyses. The NBO procedure is that implemented
Si—O—H angle was not constrained to the BKS valu&és{— in Q-Chem?8 Tables 4 and 5 show the results for the BKS and
O—H = 119.92) but optimized. The result is 113.5Under TTAM clusters, respectively. The aforementioned sensitivity of
these conditions, we still find a significant difference between Mulliken populations to basis set selection is confirmed. By

etermination of Effective lonic Charge
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TABLE 5: RHF Mulliken and Natural Bond Orbital
Populations for the TTAM Cluster SiO 4 + 4et at the

Al-Derzi et al.

TABLE 8: Calculated Lowest Three Vibrational
Frequencies (cnt?) for Various SimOy, and HgSinOpn Clusters?

6-31G* Geometry

cluster V1 V2 V3
basis Si (NBO) Si(Mulliken) O (NBO) O (Mulliken) Sio 1140
6-31G* 2.601 2 165070 —-1.6503 —1.41267 SiO, 274 1337
6-311G** 2.555 28 2.01368 —1.63882 —1.50342 Siz02 (Da2n) 130 554 644
aug-cc-pvVDZ 2.742 87 2.71838 —1.68572 —1.679 60 SibO, (Cy) 204 528 534
SizO4 (D2n) 116 227 291
TABLE 6: Mulliken Population as a Function of Si—O Siz03 (Dan) 73 73 186
Distance for the TTAM Cluster SiO4* + 4e" H5SiOH 198 683 715
HeSiz07 (Cz.) 46 66 213
method  1.58A 1.60A 1.62A 1.64A 1.66A 1.68A 1.70A HeSO, (C 46 66 213
RHFQsi 2.24 2.27 2.29 2.31 2.33 2.35 2.36 H,SiO 671 673 978
RHFIQo —-156 —-157 —-157 —-158 —-1.58 —1.59 -1.59 OSi(OH) 300 315 362
MBPT(2)Qsi 224 227 229 231 233 235 236 H4SiO4 (Cy) 163 266 318
MBPT(2)/Qo —1.56 —1.57 —1.57 —-1.58 —1.58 —1.59 —1.59

a Symmetries shown explicitly where relevant. All CCSD(T) with
aug-cc-pVDZ basis except Si© + 4e" and HSiO7; see Table 7.
See text also.

TABLE 7: Calculated Bond Lengths (A) and Angles (deg)
for Various SinOn and HgSimOy, Clusters?

cluster S+O Si-Si O0-0 O-Si-O Si—0-Si o . . o
S0 1563 the_optl_m|zed geometries. This variation illustrates clearly the
SiO, 1557 arbitrariness in determining even a large range of fitted
SO, (D) ~ 1.748 2534 2408  87.1 92.9 parameters from only one cluster.
Si204 (D2n) 1716 2442 2410 89.2 136.8 As noted already, a crucial part of the energy surface for
3'38%(33*1) 1177%17 3.200 2697 1032 potential fitting obviously is the neighborhood of the minimum.
HzSiO 1570 That region is characterized by the lowest few harmonic
OSi(OH) 1.659 vibrational frequencies for each cluster. Table 8 shows that these
H4Siz0s 1.714 89.0 91.0 also vary widely between clusters. The lowest vibrational
HeSiO7 (C2)  1.651 1115 1388 frequencies go from 73 to 1140 cfwith several in the 70
H.SiO, 1:2;2 100.3 300 cnt?! range. Eyen thgt more rgstricted range cqrresponds
SO + 4t 1.640 109 47 to an order-of-magnitude difference in harmonic restoring forces,

) ] ] that is, qualitatively different behavior around the bottom of
aCCSD(T) results with the aug-cc-pVDZ basis except for SiO

+ 4e* which is from MBPT(2)/6-311G** and kBi,O; which is from the potential We_”' . o
CCSD(T)/cc-pVDZ. Some symmetries are shown. FeBibD-, the first One Subtlety in these results is the eqUIIIbrlum structure of
Si—0 distance is for terminal Os and the second is for the bridge. For HeSiO7, namely the central SiO—Si angle. As far back as

details, see text. Newton and Gibb3? it had been recognized that the energy
barrier of the linear structure relative to bent (in the vicinity of
comparison, the NBO approach gives a value that is stable 145) is quite small, about 0.05 eV/atom or 1.25 kcal/mol. Figure
within about 4% forQsg;. It is notable that the small basis sets 2 of Ross and Meagh®ror Figure 2b of Watanabe et #igives
used by both TTAM and BKS do not characterie; andQo nice plots of the situation. The SD bond stretch has a
adequately. comparatively deep well, a good feature for parametrization.
We also investigated the TTAM cluster Si@ 4e* and its Because the early results all were from small basis set RHF
Ta deformations at the SCF and MBPT(2) levels of method calculations, while the Watanabe et al. data were from MBPT-
refinement with the basis set used by TTAM. Table 6 displays (2), we restudied the system with high-level correlated calcula-

the change in the Mulliken population as a function of the@i  tions. We find that the difference between line@g)(and bent
distance. Note that, even for the rather small range ofC8i  (C,,) configurations is of the reported size.

distances explored, 0.12 A, the Si population varies by Q.12 Specifically, CCSD(T) calculations with the cc-pVDZ data
electron, yet theQs; value used by TTAM does not occur in set (the most accurate calculations affordable) yield an optimized
that range. configuration that is bent (SiO—Si angle 138.8 Si—O
distance of 1.6506 A) and lies 1.7 kcal/mol (0.074 eV/particle)
below the linear configuration. This is slightly more advanta-
With methodological effects clarified, we explored cluster geous energetically than the CCSD/cc-pVDZ result (1.4 kcal/
selection effects by studying a set of smallGi and H,SinOn mol = 0.061 eV/particle below, 14028&ngle, 1.647 A SO
clusters. These were picked on the basis of chemical plausibility distance) and indistinguishable from the MBPT(2) results in the
for relevance to the local environment in silica, either ordered same basis (1.7 kcal/met 0.074 eV/particle below, 13826
or disordered. The central outcome is that, treated at the highestL.6508 A). Moreover, we also find that either the bent or linear
level of refinement [CCSD(T) with a large basis set (aug-cc- configurations can be made to be favored energetically by using
pVDZ)], a moderately sized suite of physically plausible small less extensive basis sets and/or less-refined approximations. An
clusters gives a significant range of-3D, Si—Si, and G-O illustration of how low the barrier is between bent and linear is
equilibrium bond lengths, bond angles, and low-lying vibrational provided by the lowest three vibrational frequencies: they are
frequencies. the same. When it comes to parametrization of a potential
Table 7 shows the calculated equilbrium-& bond lengths  therefore, we are free to parametrize to the Sistretch in the
and O-Si—0 bond angles. All are from CCSD(T) calculations linear configuration. The same choice, for the same reasons,
except for the TTAM cluster, discussed already, ar&itD7, was made by both Wong-Ng et #l.and Lindsay et af?
discussed below. We find bond lengths from 1.563 to 1.748 A. However, we note that they reported much larger bent vs linear
Calculated G-Si—0O bond angles range over 87-1103.2 for energy differences, about 4 kcal/mol (0.17 eV/particle).

Effects of Cluster Selection
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