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The disiloxane molecule is a prime example of silicate compounds containing the Si—O-Si bridge.
The molecule is of significant interest within the field of quantum chemistry, owing to the difficulty in
theoretically predicting its properties. Herein, the linearisation barrier of disiloxane is investigated using a
fixed-node diffusion Monte Carlo (FNDMC) approach, which is one of the most reliable ab initio
methods in accounting for the electronic correlation. Calculations utilizing the density functional theory
(DFT) and the coupled cluster method with single and double substitutions, including noniterative triples
(CCSD(T)) are carried out alongside FNDMC for comparison. It is concluded that FNDMC successfully
predicts the disiloxane linearisation barrier and does not depend on the completeness of the basis-set as
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1 Introduction

The simplest molecule containing the Si-O-Si bond is disilox-
ane or SiHgO. Also called disilyl ether, its structure is a single
Si-O-Si bond terminated by three H atoms at each end (H;Si-
O-SiH3). There have been numerous studies investigating the
Si-O-Si bond,'™ particularly owing to its importance in the
modelling of silica compounds, which are the most abundant
constituent of the Earth’s crust. Most importantly, silica
compounds range in function from glasses to quartz crystals,
both of which comprise large sectors in industry.°® In some
studies, disiloxane has been used as a sealant and as a component
in cosmetics,” or as a prototype region of a zeolite or clay substrate
for applications ranging from catalysis to prebiotic synthesis."
Experimental evaluations of the Si-O-Si bond indicated an
anharmonic bending potential with a low linearisation barrier,
which makes it quite difficult to attain sufficient accuracy in
such measurements.""'> Despite the significant volume of

“School of Materials Science, JAIST, Asahidai 1-1, Nomi, Ishikawa, 923-1292,
Japan. E-mail: adietri@icloud.com

b Department of Electrical Engineering, Indian Institute of Technology Gandhinagar,
Palaj 382355, Gujarat, India

“ Materials Science and Technology Division, Oak Ridge National Laboratory, Oak
Ridge, Tennessee 37831, USA

4 School of Information Science, JAIST, Asahidai 1-1, Nomi, Ishikawa, 923-1292,
Japan

¢ Scuola Internazionale Superiore di Studi Avanzati (SISSA), via Bonomea,
265-34136 Trieste, Italy

I Research Center for Advanced Computing Infrastructure, JAIST, Asahidai 1-1,
Nomi, Ishikawa 923-1292, Japan. E-mail: kenta_hongo@mac.com

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
dicp01471d

This journal is © the Owner Societies 2022

much as DFT or CCSD(T), thus establishing its suitability.

previous studies dedicated to the Si-O-Si bond,">"™° the
properties of Si-O-Si bond obtained in most of these studies
are not consistent with each other. In ab initio studies, in
particular, multiple calculation methods resulted in different
values for the bond angle and length,'®***" as well as the
linearisation energy'®'*'” and Si-O-Si potential energy
surface,'®'® among other factors. These properties and the
bond geometry itself were shown to be sensitive to the choice
of basis-set and level of theory (the former more than the latter)
according to at least one previous study."”

To narrow down the possibilities, it would be ideal to
employ the most reliable methods at our disposal. Quantum
Monte Carlo (QMC), one of the most reliable many-body
calculation methods, is expected to provide a reliable result.*?
We used the fixed-node diffusion Monte Carlo (FNDMC)
method,*” which has been widely and successfully applied to
several molecular systems.”*° Although FNDMC results are
also affected by the choice of basis-set,””*! we note that the
basis-set dependency is considerably different from that for a
self-consistent-field (SCF)-based method, such as the density
functional theory (DFT) and molecular orbital (MO) methods.
In SCF-based approaches, the choice of the basis-set affects
both the amplitude and the nodal positions of the corres-
ponding many-body wavefunctions (although the methods do
not explicitly employ a many-body wavefunction condition).
With FNDMC, by contrast, the choice only affects the nodal
positions. The amplitude can be automatically adjusted such
that its shape approaches that of the exact solution as closely as
possible under a restriction with fixed nodal positions.”**>
Its typical example is the description of electron-nucleus
cusps.®®> Even without explicit inclusion of the singular
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electron-electron cusp analytical form in the wavefunction,
numerical evolution driven by FNDMC will still produce an
appropriate singular cusp amplitudes on electron—-electron
interaction.>®*> (However, practically speaking, such poor
description of the wavefunction frequently causes singularity
of the local energy due to electron-nucleus cusps and numer-
ical instability within the algorithm. This is easily remedied by
introducing cusp correction proposed by Ma et al.**). The self-
healing property of the amplitude works to considerably reduce
the basis-set dependency: the bias arisen from using an incom-
plete basis-set is generally significantly lower than SCF-based
methods.”” This bias in FNDMC is dependent on the fixed
nodal positions (the nodal surface), which can be characterised
by the total energy due to the fixed-node variational principle.?*
This principle allows for the comparison of qualities of nodal
surfaces based on the comparison of the total energies; the lower
the total energy, the higher the quality of the nodal surface. In
turn, a higher nodal surface quality means the closer it is to the
true ground state nodal surface, which translates to a more
reliable FNDMC calculation result.

In this study, we apply single determinant FNDMC to
investigate the basis-set dependence of the linearisation energy
of a disiloxane molecule in comparison with other methods
including DFT and CCSD(T), as well as empirical measurements
from earlier studies."*** The FNDMC depends on the basis-set
implicitly through its fixed nodal surface provided by the
Slater determinant whose orbitals are expanded in terms of
the basis-set, whereas DFT and CCSD(T) strongly depend on the
choice of basis-set. The cc-pVxZ**™’ and cc-pCVxZ*® basis-sets (x =
D, T, Q), which are usually applied to account for electron
correlation, are examined in the present study and then applied
to all the ab initio and semi empirical calculations to investigate
the basis-set dependency of linearisation energy evaluation.

2 Model and methodology

Our target property is simply a linearisation barrier of disilox-
ane Si,H¢O between ‘“linear” and “nonlinear” (bent) structures.
As can be seen from Fig. 1, the linear structure possesses an
eclipsed D3, symmetry'® and the nonlinear structure is a bent
conformation of the C,, symmetry.*® For the two fixed structures,
the barrier, AEpaier, is defined as the energy difference between
the linear and nonlinear structures.

The accuracy of computed AEy,ier values can be calibrated by
referring to experimentally observed AEypapier values. To compare
our computational results with the experimental results, however,
we note that the experimental AFEp,yier involves the zero-point

~H

‘/" \Si

Linear Si,HsO Nonlinear Si,HsO

Fig. 1 Linear and nonlinear molecular structures of disiloxane, Si;HgO.
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energy (ZPE) contribution, whereas our computational AEpaprier
value considers only the electronic contribution. The ZPE con-
tributions can also be evaluated at each level of theory, although
their accuracy depends on methods adopted and the basis-set.
To investigate the basis-set dependence of AEpier, We simply
consider the electronic AEparier- Thus, the experimental AEpaier
values are corrected by adopting a theoretical estimate from the
work of Koput." We address this issue in more detail later.

In the present study, the energies of the two structures Ejipear
and Eponlinear are computed through various combinations of
(1) ab initio and semi empirical methods and (2) basis-sets.

(1) Calculation methods applied are DFT with B3LYP
exchange-correlation functional (DFT-B3LYP),"® CCSD(T),""
and FNDMC?>? with trial wavefunctions generated from DFT-
B3LYP. Within the framework of DFT, DFT-B3LYP is a standard
method for covalent systems. Within the correlated methods,
CCSD(T) is known to be the “gold standard” in quantum
chemistry. A variety of methods and basis-sets are chosen in
line with the previous results'” indicating dependence of the
Si-O-Si bond description on such choice. FNDMC is known to
be comparable with CCSD(T); however, for the first time, we
apply FNDMC to an evaluation of AEpaier- In order to account
for relativistic effects, some calculations at the CCSD(T) level
have been performed using the Douglas-Kroll-Hess (DKH)
second-order Hamiltonian. We compare these results with
regular CCSD(T) calculations to gauge the significance of
relativistic effects on disiloxane. To our knowledge, this is the
first such investigation of relativistic effects for the disiloxane
molecule.

(2) Our basis-sets are a family of Pople triple zeta basis-set
from 6-311G, as well as polarisation function added 6-311G**
and 6-311G(3df), and accounting for diffuse functions as well in
6-311+G, 6-311+G**, and 6-311+G(3df) sets.**** Also studied is
the family of Dunning’s correlation-consistent basis-set
(cc-pVxZ; x = D, T, Q)***” and their core-valence correlated
variants (cc-pCVxZ; x = D, T, Q).*® The cc-pVxZ and cc-pCVxZ
basis-sets were originally developed for correlated methods
such as CCSD(T), but have been found to be appropriate even
for DFT-B3LYP and FNDMC in properly reproducing the
dynamic electron correlation.®® In particular, the polarisation
functions included implicitly in cc-pVxZ are essential for
properly describing the Si-O-Si bond. To describe the
correlation effects more precisely, the present study considers
the dynamic correlation between core and valence electrons by
applying the cc-pCVxZ basis-set, which can reproduce the
core-valence correlation by minimising the difference in the
correlation energies between all-electron and valence-only
(using pseudopotentials) calculations.** In order to compare
with state-of-the-art approaches in quantum chemistry,
CCSD(T) calculations are performed using even more robust
basis-sets, including the quintuple zeta sets (cc-pV5Z and cc-
pCV5Z), as well as their aug-cc-pVxZ and aug-cc-pCVxZ counter-
parts, which possess added diffuse functions. The cc-pV(x + d)
basis-sets are also used, which possess additional d functions,
to better describe Si atoms.*>*”*> In order to extrapolate to the
complete basis-set (CBS) limit, both quadruple and quintuple
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zeta sets are included. Extrapolation to the CBS limit are
performed using the scheme of Halkier et al.,*® with extrapolation
coefficients from the optimisation of Truhlar.*’

In the present study we obtain the linear and nonlinear
structures of disiloxane using the second-order Mgller-Plesset
perturbation theory (MP2)*® with the cc-pVQZ basis-set (MP2/
cc-pVQZ level), and previous studies conducted at the MP2/cc-
PVQZ level of theory'®* have established a reliable favourability
toward a nonlinear structure and provide good agreement for
the Si-O-Si angle in accordance with experimental results.*®
Modelling of the Si-O-Si angle in particular has been heavily
emphasised in previous theoretical studies for both disiloxane'”
and pyrosilisic acid.'®'® While geometry optimization by
CCSD(T) is desirable, the computational cost associated is
unfortunately much higher, especially for the more robust
basis-set used in this work. For example, the cc-pVQZ basis-set
for disiloxane translates to over 350 basis functions. With 20
degrees of freedom in the disiloxane molecule, optimization
with CCSD(T) involved steep computational costs, and optimiza-
tion at the MP2/cc-pVQZ level is chosen instead. A comparison
between the MP2 and CCSD(T) geometry optimization with the
cc-pVTZ basis-set is shown in the ESL{ With a difference of
0.5 degrees for the Si-O-Si angle between the two calculation
methods at the cc-pVIZ level, and a linearization barrier
difference of less than 0.001 kcal mol™" calculated for both
geometries at MP2 and CCSD(T) level, geometry optimization at
the MP2 level of theory does not seem to significantly impact the
linearization barrier calculated at the CCSD(T) level. The two
optimised structures at the MP2/cc-pVQZ level of theory are used
in this work to calculate all AEy,er values, i.e., common to all
levels of theory, where the linear structure has a Si-O-Si angle of
180° and the nonlinear structure has an optimised Si-O-Si angle
of 146.8° comparable with the experimental value of 144.1°.>°
The other structural parameters are given in the ESI,{ and are
also in good agreement with experiments.

The present study adopted no pseudopotential calculations,
but rather all-electron calculations with a total of 42 electrons
for a single disiloxane molecule. This molecular system is not
so large that the CCSD(T) calculation within the frozen core
approximation is feasible, despite the computational cost of
CCSD(T) scaling as N’, where N is the number of electrons in
the system. By contrast, the DFT cost scales with N° (or less) and
is therefore unimportant. Similar to DFT, the FNDMC cost
scales as N°, although the prefactor of FNDMC is much larger
than that of DFT. This is because a vast number of random
sampling points are required to obtain a sufficiently small error
bar (sub-chemical accuracy of ~0.1 kecal mol™ ") to calibrate a
small AEpmier (~0.5 keal mol ™). Recent parallel computers,
however, enable us to apply FNDMC to evaluate such a tiny
AEparrier, because its algorithm is intrinsically parallel.

In our FNDMC calculations, we adopted Slater-Jastrow
type wavefunctions as their fixed-node trial wavefunctions.*’
Molecular orbitals entering the single Slater determinants were
generated by DFT-B3LYP with various types of basis-set. The
Jastrow factor consists of one-, two-, and three-body terms>’
including 88 variational parameters in total. These parameters
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are optimised through a variance minimisation scheme,®" and
only the two-body term holds the electron-electron cusp
condition.’® The electron-nucleus cusp condition, which is a
short-range one-body correlation effect, is satisfied by the cusp
correction scheme applied to the Gaussian basis-set®® instead
of imposing the cusp condition on the one-body term. Note that
the Jastrow factor does not change the (fixed) nodal surfaces
and is responsible for the numerical stability in FNDMC.
However, the quality of the nodal surfaces determines the
accuracy of the FNDMC energies in terms of the fixed-node
variational principles.”® Accordingly, the FNDMC accuracy
depends implicitly on the basis-set adopted, which is used to
expand the molecular orbitals entering the Slater determinant.
In addition to the fixed-node error, another source of bias in
actual FNDMC calculations arises from the short-time
approximation with finite (small) timesteps.>® To remove this
bias, it is common to use multiple timesteps to make the linear
regression and obtain calculation results for 8¢ — 0. This
regression is an approximation of the theoretical 6¢ = 0 result.
The present study considers both linear and quadratic
extrapolations. It is commonly understood that the size of the
error bar from FNDMC calculations scale inversely proportional
with the square root of the number of samples in the
calculations.?® In order to halve the error bar, for example,
the computational cost is increased fourfold. This results in an
effective limit on the size of the error bar due to feasible
computational cost of FNDMC calculations.

The software package Gaussian09>® was used to conduct
the MP2 (geometry optimisation), DFT-B3LYP, and CCSD(T)
calculations, whereas the CASINO®® code was used to perform
FNDMC calculations. An electron-nucleus cusp correction
scheme®® for Gaussian orbitals was utilised in the all-electron
FNDMC calculation in CASINO. Most of the basis-sets utilised
in this work are available in the Gaussian09 software package.
Basis-sets of the cc-pCVxZ, cc-pV(x + d)Z and aug-cc-pCVxZ
families are obtained from the online Basis-Set Exchange
library.>’° In FNDMC for both structures, the number of
target population was 11520, and the number of steps in the
imaginary-time evolution was set to 2000 and 500000 for
equilibrated and accumulated phases, respectively. In addition,
we carried out FNDMC calculations with different timesteps
of 0.01, 0.005, and 0.001 a.u.”" to remove the short-time bias
(see ESIt for more details).

3 Results and discussion
3.1 Geometry and ZPE contribution

Several studies have been conducted on the geometry of the
disiloxane molecule, although most ab initio methods tested
did not manage to replicate the available experimental results.
Rather than the Si-O bond length, the Si-O-Si bond angle and
linearisation barrier have been found to be greatly dependent
on the choice of basis-set used to represent the wavefunction."”
This study focuses on the linearisation barrier of disiloxane,
taking the same optimised geometries for all calculations,
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Fig. 2 Potential energy curve of disiloxane molecule calculated by MP2/
cc-pCVQZ, B3LYP/cc-pVQZ, and B3LYP/cc-pCVQZ combinations of cal-
culation method and basis-set. Dashed lines serve to better illustrate the
trends present in the data.

partly owing to the difficulty to optimise the geometries by
FNDMC.%

The bending potential energy of the disiloxane molecule is a
shallow one, as shown in Fig. 2. In comparison with the water
molecule for example, which has a relatively harmonic bending
potential curve with a potential difference of 1.0 kcal mol " at
deviation of H-O-H bending angle of around 8°,”* the disiloxane
molecule bending potential curve is anharmonic, with a
potential difference of 1.0 kcal mol ' at deviation of Si-O-Si
bending angle of around 15° to 20° less than the optimal, and a
small linearisation barrier of less than 0.5 kcal mol . Although
the linearisation barriers shown in Fig. 2 differ depending on the
calculation method and basis-set used, all potential curves share
these similar properties with one another.

The computational and experimental linearisation barriers
of disiloxane, AEp,rier, are listed in Table 1 and plotted in
Fig. 3. It has been commonly observed experimentally that the
nonlinear (bent) structure of disiloxane is energetically more
favourable than a linear structure, which translates to a positive
linearisation barrier. All three experimental results seem to agree
on this point, and the work of Aronson et al** in particular
reports a higher linearisation barrier (at 1.1 to 1.4 kcal mol ™)
than the other two results,""'* which report a barrier of approxi-
mately 0.3 kcal mol ™.

The experimental work of Durig, Flanagan, and Kalasinsky
obtained Raman (10-3500 cm™ ') and infrared spectra of
gaseous (4000-30 cm™ ") and solid (4000-450 cm™ ") disiloxane
and deuterated disiloxane.'" Most significantly, their assessment
of the Raman (10-200 cm ™ ") spectra produced potential energy
functions which results in a disiloxane linearisation barrier of
112 + 5 cm ™' (0.32(1) kcal mol "), while the analysis of
Koput and Wierzbicki of the low frequency Raman spectra
(10-200 cm™") produced a similar value of 103.9 &+ 2.6 cm ™"

+ Geometry optimisation by FNDMC is a long-standing issue due to the existence
of the systematic bias mainly depending on the fixed-nodes quality®® and the
infinite variance problem.®>®> Although the continuous efforts are overcoming
the problems,®*”° the methods are still in development level and its application

is practically accompanied by many difficulties.
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Table 1 Linearisation barrier values obtained from theoretical calculations
and experiments. Its ZPE correction and ZPE-corrected Raman value are
also given. Computational values (A¢g) are to be compared with a ZPE-
corrected experimental value (Ae; — AZPE); see the text for the definition
of notation, sign, etc.

Aég [keal mol ]

Basis-set DFT-B3LYP CCSD(T) FNDMC
6-311G —2.20 —2.45 —0.12 £ 0.27
6-311+G —2.46 —1.98 —0.35 £ 0.16
6-311G** —0.43 0.06 0.07 £ 0.15
6-311+G** —0.53 0.24 —0.32 £ 0.14
6-311G(3df) 0.10 0.47 0.45 + 0.24
6-311+G(3df) 0.15 0.58 —0.42 + 0.23
cc-pvDZ 0.80 1.44 0.40 £ 0.15
cc-pvVIZ 0.18 0.46 0.47 £ 0.14
cc-pvQZ 0.18 0.44 0.26 £+ 0.10
cc-pVsZ — 0.49 —

cc-pCvVDZ 0.76 1.42 0.54 £ 0.12
cc-pCVTZ —0.01 0.32 0.31 £ 0.11
cc-pCvVQZ 0.06 0.35 0.36 = 0.10
cc-pCV5Z — 0.48 —
aug-cc-pvQZz — 0.50 —
aug-cc-pV5Z — 0.48 —
aug-cc-pCvVQZ — 0.46 —
aug-cc-pCV5Z — 0.47 —

ce-pv(Q + d)z — 0.45 —

ce-pV(5 +d)Z — 0.48 —

Aég, [keal mol '] Aég; — AZPE [keal mol ']
Far IR IR-Raman

spectrum®* (solid)™* Raman'? ZPE-corrected Raman*®
1.1-1.4 0.32 0.30 0.36

(0.297(7) kecal mol ')."> These results were reported more
recently than the first and achieve good consilience with the
DFT predictions from the highest quality basis-set."” Therefore,
it is reasonable to infer that a linearisation barrier of approxi-
mately 0.3 kcal mol ™" is a reliable value for the disiloxane
molecule.

It needs to be stressed, however, that the experimentally
measured linearisation barrier may not be comparable to the
ground state values calculated from the first principles. The
ground state energy obtained through ab initio calculations are
physically unobtainable experimentally because of the ZPE, i.e.
the difference between the ground state and the lowest energy
vibrational state. Even at absolute zero temperature, the lowest
energy level achievable is a vibrational state ¢; instead of the
electronic ground state &g:

Ay = Agy + AZPE (®)

Consequentially, any energetic barriers measured in the experi-
ments is at best the difference between the lowest vibrational
states Ae;, whereas energetic barriers calculated through
ab initio methods are from the electronic ground states Ae,.
Therefore, a comparison between energetic barriers obtained
from the theoretical calculations and experimental measurements
must also account for the difference in ZPE.

The preceding theoretical study by Koput'® estimates a AZPE
value of —20 em™ ' & —0.06 kcal mol *, which in line with

eqn (1) should result in a higher ground state linearisation

This journal is © the Owner Societies 2022
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Fig. 3 Linearisation barrier of disiloxane calculated in this work.

barrier than the experimentally measured result. The study
considered separately the large amplitude motion (Si-O-Si
bending, which is the imaginary frequency mode in linear
disiloxane) and the small amplitude vibrations, leading to a
more refined estimation of the zero-point vibrational energy.
By constructing the harmonic force constants at the MP2 level
of theory using D/T basis-set, the energy levels of the small
amplitude vibrations of the disiloxane molecule were estimated.
The upper bound of the contribution was estimated at 20 cm ™!
from Si-O-Si bending angles of 180° to 150°. Therefore,
this work treats the ground state linearisation barrier of
0.36 kcal mol™" as a reasonably accurate “exact” linearisation
barrier for a point of comparison with ab initio calculations. This
value is referred to as “ZPE-corrected Raman” in Table 1 and
based on a dotted line in the figures herein, as a point of
comparison. ZPE correction has not been considered in ab initio
comparisons or based on experimental results, which have cited
0.3 keal mol ™" as the point of comparison."”

3.2 DFT-B3LYP results

The results for DFT-B3LYP in this study, particularly the results
for the quadruple zeta basis-set cc-pvVQZ and cc-pCVQZ, seem
to indicate that previous agreement between the B3LYP results
and experimental data'” is due to coincidence instead of
convergence toward the complete basis-set limit. Indeed, for
the largest basis-set used in this study, the linearisation barrier
calculated by B3LYP is at best approximately 0.1 kcal mol "

This journal is © the Owner Societies 2022

smaller than the ZPE-corrected measurement. It does not seem
that the B3LYP exchange-correlation functional provides
adequate accounting of the electron correlation for properly
describing a disiloxane molecule.

3.3 CCSD(T) results

CCSD(T) calculations were conducted with the same geometries
and basis-sets as the B3LYP calculations. The results of these
calculations are shown in Table 1. The trends of the linearization
barrier agree almost perfectly with B3LYP calculations, with a
universal shift in the energetic favourability toward the non-
linear conformer denoted by the larger linearisation barriers. We
achieve good agreement with another CCSD(T) calculation in an
earlier study'” reporting a linearisation barrier of 0.48 kcal mol
using the cc-pVTZ basis-set. These results show that accounting
for the electron correlation is indeed necessary to properly
model the Si-O-Si bond in disiloxane, and supports the
conclusion of earlier studies citing cc-pVTZ and CCSD(T) as
the minimum reliable level of description for the disiloxane
molecule.'*"”

Calculations with more state-of-the-art basis-sets have
also been performed on the disiloxane linearisation barrier.
Quintuple zeta basis-set cc-pV5Z and cc-pCV5Z are used, as well
as quadruple and quintuple zeta sets for diffusion function
augmented aug-gcc-pVxZ family of basis-set. Extra d functions
present in the cc-pV(x + d)Z family of basis-set are also taken
into account. Extrapolations to the CBS limit are performed
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according to the scheme in eqn (2):

X“ Y*

tot _ HF HF
EO(O) - X* — YLXEX - Xo — YO(EY
o vh (2)
COIT COIT
+ Xb— YﬁE T xp— YﬁEY
for quadruple and quintuple basis-sets (X = 5, Y = 4), using

coefficients optimised in the work of Truhlar*” with « = 3.4 and
f = 2.4. Since electronic correlation energy converges less
rapidly than electronic energy to the CBS limit,"® it is necessary
to separate contributions to the linearisation barrier due to
electronic energy (Hartree-Fock or HF) and correlation energy
(corr). The results from the CCSD(T) calculations performed
using these quadruple and quintuple zeta basis-sets, as well as
the extrapolated CBS limit, is shown in Table 3 and in Fig. 4.

The trends of CCSD(T) results seem to converge to linearisation
barrier values around 0.1-0.3 kcal mol " higher than the ZPE-
corrected Raman results of 0.36 kcal mol ", with the extrapolated
CBS limit for various basis-set families showing linearisation
barriers of 0.45-0.65 kecal mol ™. CCSD(T) calculation shows then
that previous works underestimated the linearisation barrier of
disiloxane, though it must be noted that the calculations are
performed with MP2/cc-pVQZ geometries owing to the high
computational cost of CCSD(T) geometry optimisations with
equivalent basis-sets.

Comparison is also made to measure the significance of
relativistic effects between the non-relativistic and scalar
relativistic Hamiltonian at the CCSD(T) level. The basis-sets
used are of the cc-pvxZ and cc-pCVxZ families (x = D, T, Q).
These results are shown in Table 2. At the higher level basis-sets,
inclusion of relativistic effects seem to contribute strengthening
of the linearization barrier in the order of 0.05-0.1 kcal mol .
As relativistic effects serve to energetically stabilize the s- and p-
orbitals,”>”? it follows that the lone pair repulsion at the oxygen
atom is strengthened due to radially contracted p orbitals,
leading to an energetic stabilization of the non-linear structure.
While wusually considered negligible, these effects prove
somewhat significant in the context of the disiloxane linearization
barrier (0.36 kcal mol ).

CCSD(T) Results of Disiloxane Linearisation Barrier
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Fig. 4 Linearisation barrier of disiloxane calculated by CCSD(T)

state-of-the-art basis-set.
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Table 2 Disiloxane linearisation barrier values from CCSD(T) calculations
with non-relativistic and scalar relativistic Hamiltonians

Aég [keal mol™']

Basis-set AEﬂ:ﬁl‘;—[atwmnc AEEC;E;WI'\UVI&UC
cc-pvDZ 1.44 1.24
cc-pVTZ 0.46 0.50
cc-pvQzZ 0.44 0.50
cc-pCVDZ 1.42 1.23
cc-pCVTZ 0.32 0.42
cc-pCvQZ 0.35 0.46

3.4 FNDMC results

The linearisation barrier calculated by FNDMC is also shown in
Table 1 and Fig. 3. These values from FNDMC converge to a
value close to the ZPE-corrected Raman benchmark adopted
in this study of 0.36 kcal mol™" for the largest basis-sets. Also
observed is the relative independence of the linearisation
barrier calculated from the basis-set used to form the initial
trial wavefunction using DFT-B3LYP relative to the other two
calculation methods. The influence of the different basis-sets
on the end result of the FNDMC calculations directly translates
into how they affect the trial wavefunction nodal surfaces.
The amplitudes of the trial wavefunction, meanwhile, do not affect
the end result at (t — o0), which, in turn, limits the dependence of
the end result on the basis-sets used to form the trial wavefunction.
Pople basis-sets in particular affects the FNDMC calculations
relative to the correlation consistent basis-sets, with relatively lower
linearisation barriers and particularly for basis-sets with diffuse
functions (6-311+G, 6-311+G**, and 6-311+G(3df)) even energeti-
cally favouring linear structures of disiloxane. This dependence is
clearly visible in Fig. 3, though the magnitude is lesser than
DFT-B3LYP and CCSD(T).

As mentioned previously, the fixed-node variational principle
allows for characterization of nodal surface quality by way of
comparing the absolute values of total energies. These absolute
values are shown in Table 4, sorted in accord with the quality of
the nodal surface (from low quality, high total energy, to high
quality, low total energy). It can be observed that the cc-pCVTZ
produces a nodal surface of slightly better quality than cc-pvVQZ,
indicating that the electron correlation between the core and
valence electrons can be a significant factor for improvement
beyond the triple zeta level of atomic orbital description.

3.5 Effects of basis-sets

Disiloxane linearisation barrier dependence on the basis-set
was observed for all cases. In agreement with previous
studies,'” this dependence is more significant than the
methodologies used in the ab initio calculations, particularly
considering the double zeta-level basis-sets cc-pVDZ and cc-
pCVDZ. Triple zeta basis-sets seem to offer the minimum level of
description to reliably predict the linearisation barrier, whereas
quadruple zeta basis-sets result in an extremely good prediction,
especially for the CCSD(T) and FNDMC calculations. Fig. 3 clearly
shows very similar trends for each calculation method with a
substantial dependence on the basis-set indicated, particularly
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Table 3 Disiloxane linearisation barrier values from CCSD(T) calculations
with more state-of-the-art basis-sets, contribution from HF and electronic
correlation, and extrapolation to the complete basis set (CBS) limit

Ag, [keal mol ']

Basis-set AEEBF;rier AEIC)ggier AEbarrier
ce-pvQz —0.00 0.44 0.44
cc-pv5Z —0.02 0.52 0.49
CBS(VxZ) 0.59
cc-pCVQZ —0.05 0.40 0.35
cc-pCV5Z —0.04 0.51 0.48
CBS(CVxZ) 0.65
aug-cc-pvQzZ 0.01 0.50 0.51
aug-cc-pV5Z —0.03 0.51 0.48
CBS(aug-VxZ) 0.47
aug-cc-pCvQZ —0.03 0.49 0.46
aug-cc-pCV5Z —0.04 0.51 0.47
CBS(aug-CVxZ) 0.49
ce-pv(Q + d)z —0.05 0.50 0.45
cc-pV(5 + d)Z —0.03 0.52 0.48
CBS(V(x + d)z) 0.52

Table 4 Total energies from FNDMC calculations, sorted from highest to
lowest

E¢oral [Hartree]

Basis-set Nonlinear Linear

cc-pvDZ —657.7994(2) —657.7988(2)
cc-pCVDZ —657.8062(1) —657.8053(1)
cc-pvVTZ —657.8270(2) —657.8263(2)
cc-pvQZ —657.8366(1) —657.8362(1)
cc-pCVTZ —657.8376(1) —657.8371(1)
ce-pCvQZ —657.8437(1) —657.8431(1)

towards the smaller sets. Convergence of the disiloxane linearisa-
tion barrier is generally observed for all three calculation
methods, albeit not necessarily converging to the same value.

Previous theoretical studies suggest that this converging
trend is attributed to the increasing addition of polarisation
functions'” within the basis-sets used. Adding polarisation
functions serves to better reproduce dynamical correlations in
the system. This is in line with previous theoretical works with
semi-empirical methods implying that calculations without
electron correlation favour the linear structure, thereby
resulting in negative values of linearisation barrier. This is also
reflected in preceding geometry optimisation calculations
without polarisation functions, resulting in Si-O-Si angles
close to 170°."*'* Therefore, it is expected that both cc-pVxZ
and cc-pCVxZ basis-sets should converge to a reliable predicted
linearisation barrier value because polarisation functions are
systematically included with an increasing description of the
atomic orbitals.

FNDMC is overall less dependent on the basis-set used
compared to both B3LYP and CCSD(T). Although previous
studies have recommended treating disiloxane with the
cc-pVTZ basis-set at a minimum, cc-pVDZ is shown to generate
a sufficiently high quality nodal surface for use in DMC
calculations, giving a linearisation barrier in good agreement
with the experimental values. Even for the smallest basis-sets
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tested in this study, FNDMC shows relatively more accurate
values of the linearisation barrier, and therefore less
dependence on the basis-set used to form the trial wavefunc-
tion per the initial expectations.

Comparing the FNDMC results to the CCSD(T) ones
using more robust basis-sets show that in general there are
improvements that can be significant to the nodal surface by
employing these more robust basis-sets, as CCSD(T) results at
the CBS limit clearly show more energetic preference toward
the nonlinear structure of disiloxane. The effects of using these
more robust basis-sets to the nodal surface may be intriguing to
explore, in order to find basis-sets more suited for FNDMC
application in disiloxane.

3.6 Effects of methodologies

Previous expectations on the trend in methodologies are
derived from previous studies,'®”* particularly the study by
Koput in 1990," in which the inclusion of the electron correlation
proved vital to predicting the energetic favourability of the non-
linear structure of disiloxane because the SCF calculation
produced a near-linear structure of disiloxane. This and other
studies” gave rise to the general expectation that the inclusion of
the electron correlation is important to properly model the
structure of disiloxane. As previously mentioned, it can be
observed that the B3LYP exchange-correlation functional is
insufficient to properly recover the electron correlation and
thereby predict the disiloxane linearisation barrier. Our CCSD(T)
calculation results shown in Table 3 reinforce the significance of
accounting for electron correlation, as most of the energy
difference between the nonlinear and linear structures of disilox-
ane come from electron correlation. Increasingly accounting for
correlation, therefore, leads to calculation results favouring the
nonlinear structure, and thus resulting in a higher linearisation
barrier.

FNDMC has the added advantage of being able to reliably
predict the energetics of disiloxane with smaller basis-sets.
While improvements to the nodal surface is clearly possible
by accounting for electron correlation, the difference in
scalability between CCSD(T) and FNDMC means that this
advantage only grows more significant when considering larger
systems. With better scalability for application in high
performance computing (HPC) systems and the availability of
pseudopotentials, FNDMC is a promising alternative method to
CCSD(T) for describing the Si-O-Si bonds, particularly for
larger systems.

4 Conclusion

The Si,HsO linearisation barrier was calculated using three
separate methods, DFT-B3LYP, CCSD(T), and FNDMC, with six
different basis-set choices in line with expectations derived
from previous theoretical studies on disiloxane. The disiloxane
molecule was optimized for both the non-linear and linear
structures at the MP2/cc-pVQZ level. Geometry optimization at
the MP2 level of theory does not seem to significantly impact
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the linearization barrier calculated at the CCSD(T) level, with
differences of linearization barrier at less than 0.001 kcal mol "
with the cc-pVTZ basis-set. Similar with previous studies, we
observed that the systematic inclusion of polarisation
functions, along with an increasing level of description for
atomic orbitals, eventually result in a reliable prediction of
the disiloxane linearisation barrier. All calculation methods
eventually produced converged values with increasing level of
basis-sets for the linearisation barrier, with 0.1 kcal mol™" for
DFT-B3LYP and 0.45-0.65 kcal mol ™" for CCSD(T), respectively.
Inclusion of relativistic effects by scalar relativistic calculations
slightly increases the linearization barrier by 0.05-0.1 kcal mol "
due to the increased lone pair repulsion from the contracted
p-orbitals. The agreement between the experimental measure-
ments and the DFT-B3LYP results at 0.3 kcal mol ' are shown
to be likely accidental. ZPE-corrected experimental measurements
are in good agreement with FNDMC results, with the ground state
linearisation barrier taken at 0.36 kcal mol *. The CCSD(T)
results using state-of-the-art basis-sets, however, show that the
linearisation barrier might be underestimated in these results.
FNDMC is shown to be least dependent on the choice of basis-set
among the three calculation methods applied, in line with initial
expectations owing to the nature of FNDMC.
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