Downloaded via UNIV OF MISSISSIPPI on April 23, 2020 at 13:34:11 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCA

Anharmonic Frequencies of (MO), and Related Hydrides for M = Mg,
Al, Si, P, S, Ca, and Ti and Heuristics for Predicting Anharmonic
Corrections of Inorganic Oxides

Brent R. Westbrook and Ryan C. Fortenberry™

Cite This: J. Phys. Chem. A 2020, 124, 3191-3204 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: The low-frequency vibrational fundamentals of D,;, inorganic oxides are readily modeled
by heuristic scaling factors at fractions of the computational cost compared to explicit anharmonic
frequency computations. Oxygen and the other elements in the present study are abundant in
geochemical environments and have the potential to aggregate into minerals in planet-forming regions
or in the remnants of supernovae. Explicit quartic force field computations at the CCSD(T)-F12b/cc-

pVTZ-F12 level of theory generate scaling factors that accurately predict the anharmonic frequencies —/
with an average error of less than 1.0 cm™ for both the metal—oxygen stretching frequencies and the /
torsion and antisymmetric stretching frequencies. Inclusion of hydrogen motions is less absolutely 7

accurate but is similarly relatively predictive. The fundamental vibrational frequencies for the seven

tetra-atomic inorganic oxides examined presently fall below 876 cm™ and most of the hydrogenated species do as well. Additionally,
vg for the SiO dimer is shown to have an intensity of 562 km mol ™', with each of the other molecules having one or more frequencies
with intensities greater than 80 km mol ™', again with most in the low-frequency infrared range. These intensities and the frequencies
computed in the present study should assist in laboratory characterization and potential interstellar or circumstellar observation.

B INTRODUCTION experimentally; their lack of a permanent dipole moment
makes them invisible to rotational spectroscopy. Previous
computational studies”””® show that the lowest-energy isomer
of both (AlO), and (SiO), is the cyclic D, form, giving a basis
for treating the other systems in the same way. Vibrational
frequency data for the cyclic AlO*” and SiO*°™** dimers have
been obtained previously in the laboratory. In the case of
(8i0),, there is some inconsistency between the spectrum and
the predicted features for the cyclic structure.”® Consequently,
a goal of the present work is to provide reliable spectroscopic
data for these dimers in an effort to aid their detection in the
interstellar medium, protoplanetary disks, or the outgassing of
evolved stars.

The current state-of-the-art quantum chemical ap-
proach®*~™* for the production of accurate vibrational
frequencies relies on a fourth-order Taylor series approx-
imation to the internuclear potential. This method produces
vibrational frequencies within 1.0 cm™' of the gas-phase
experiment in many cases. However, its high computational
cost and use of symmetry-internal coordinates that can be
difficult to determine for cyclic molecules limit the size and
shape of the systems that can be analyzed. Nevertheless,

Oxygen is the third most abundant element in the universe'
and the most abundant element in the earth’s crust,” making it
a likely component in molecules for novel astrochemical
searches. Previous work has shown that it behaves like a mortar
holding inorganic elements together to form mineralogical
compounds.” These mineral precursors may represent the
early stages of planet formation or the remnants of planetary
disintegration.s_17 In either case, their detection aids in the
understanding of planetary and stellar lifecycles. Many of these
precursors are difficult to synthesize or to separate under
laboratory conditions. Such species are perfectly suited to
computational investigation.

Like oxygen, the other elements in the current study are
abundant in space and contribute to the formation of
interstellar dust grains' that could precede mineral formation.
Of these compounds, (MgO),, (AlO),, (SiO),, (PO),, (SO),,
(Ca0),, and (TiO),, several of the monomeric versions have
been previously detected in circumstellar or interstellar
environments, including AlO,"® §i0,'”* PO,”" $O,** and
TiO.”’ Additionally, closely related molecules such as SO,,**
SO*,* and Ti0223 have also been detected in these regions,
suggesting that there are more molecules composed of the
same elements to be found in places such as VY Canis Majoris,
Sagittarius B2, and Orion A, where these previous detections
took place. In particular, the dimeric forms of the
aforementioned monomers would likely occur wherever the
monomers do, based on the strong dimerization energy of
(MgO),.”° However, they are more difficult to examine
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previous computational work®® has elucidated the spectro-
scopic constants of the cyclic MgO dimer at this state-of-the-
art level, providing a baseline comparison for the present work.
A slightly less accurate but more computationally tractable
method involving explicit correlation with only a triple-zeta
basis set"*~*” is also often employed, which typically still gives
vibrational frequencies within 7.0 cm™ of the gas-phase
experiment. The decreased computational requirements for
this method generally make it worth the reduced accuracy, but
greater improvements are highly desirable.

As a result of the computational demands required for these
higher level procedures, the present study investigates the use
of heuristic scaling factors to obtain usable anharmonic
vibrational frequencies without the burden of computing
them directly for inorganic oxides. Scaling factors have often
been employed to bring comguted harmonic frequencies inline
with experimental results."*™® The generation of scaling
factors based on a small series of molecules could aid in rapid
generation of large amounts of accurate spectroscopic data that
would allow for the characterization of experimental spectra in
a way that would not be feasible using the aforementioned
methods. Such data will be invaluable in analyzing the
observations of new astronomical observatories such as the
forthcoming James Webb Space Telescope.

B COMPUTATIONAL DETAILS

Optimized geometries, harmonic frequencies, and dipole
moments are computed using the Molpro 2015.1 software
package”® along with coupled cluster theory at the singles,
doubles, and perturbative triples71 level within the F12
explicitly correlated construction’>”* (CCSD(T)-F12b). The
cc-pVTZ-F12**7%7° basis set is used in all of these
computations, with the exception of those involving calcium
and titanium. For these, a default cc-pVTZ76’77 basis is used,
with a def2-TZVPP/jkfit”® basis for the JK and RI portions of
the energy computations. Furthermore, titanium requires an
aug-cc-pVTZ’” basis set for the DF portion, while calcium
requires a def2-TZVPP/mp2fit’”® basis for the same, in a
scheme previously demonstrated to give accurate results for
other transition metals.”” This scheme is abbreviated as F12-
TZ in the following. Double-harmonic IR intensities utilize the
Gaussian 16 program at the MP2/6-31+G* and B3LYP/cc-
pVTZ levels of theory.**~* The first of these has been shown
to agree semiquantitatively with more expensive levels of
theory85 g\githout commensurate computational require-

The explicit anharmonic vibrational frequencies are
computed using a quartic force field (QFF) approach at this
F12-TZ level. The QFF method utilizes a fourth-order Taylor
series expansion of the potential energy portion of the
internuclear Watson Hamiltonian.®” This involves optimization
of the geometry to generate a reference configuration followed
by 233 single-point energy computations for displacements of
symmetry-internal coordinates of 0.005 A and 0.00S radians in
the case of the tetra-atomic D,, molecules. Sulfur’s deviation
from the planar structure of the other molecules changes the
symmetry from D, to C,, and adds 120 more points for a total
of 353. The additional atoms in the five- and six-atom hydride
molecules increase these requirements to 1613 and 4565
points, respectively.

For the D,, molecules, these symmetry-internal coordinates,
with atomic labels defined in Figure 1, are as follows for the
general atom M

Figure 1. Visual depiction of the (MO), molecule.

Si(ag) = %[r(o1 ~0,) + (M - M)] "

Sz(ag) = %[7(01 - 0,) = r(M; — My)] @)

Si(big) = 71r(0, = M) = #(0, = My) = (0, = M)
+ (0, — M,)] (3)
Sy(by,) =[O0, — M, — M, — O] (4)
S(by) = 10, = M) + (0, = M;) = (0, = M)
- (0, = M,)] (5)
Sba) = 71r(0 = M) = H(0, = M;) + (0, = M)

- r(02 - Mz)] (6)

Similarly, the symmetry-internal coordinates for (SO), are
given by interchanging the third and fourth coordinates

S(w) = Z1(0; = 0,) + 1(5, = ) .
S(a) = 510, = 0,) = r(S, = 5,) ©
S3(a1) =10, - S, =S, — O] 9)
S,(3) = S17(0, = 8) = (0, = 8,) = (0, = §)

+ (0, = S))] (10)
Sy(by) = %[r(Ol ~8) 470, = S,) — O, — S

- r(0, = S,)] (11)
Sib2) = S1(0, = 8) = (0, = ) + (0, = 5)

- (0, = S,)] (12)

The analogous coordinates for the five-atom C,, molecules,
with labels being given in Figure 2, are

Si(a) =r(M; = M,) (13)
S,(a) = r(M; — H) (14)
53(31) = L[”(Ml - 01) + "(M1 - Oz)]

V2 (15)

https://dx.doi.org/10.1021/acs.jpca.0c01609
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S,(a) = %[L(H M, - 0,) + 2(H-M, - 0,)]
(16)
Ss(bz) = %[V(Ml - 01) - r(Ml - Oz)] 17)
Si(by) = —=[2(M; = O, = M) + £(M, = 0, = M))]
(18)
57(b2) = %[Z(H -M-0)—-«H-M - 0,)]
(19)
Ss(bl) = LIN(M2 -M - H) (20)
Sy(by) = 7[0; — M, — H — O,] (21)

H

M

Figure 2. Visual depiction of the HM;M,0, molecule.

while those for the six-atom variants, with X = H/O and the
labels shown in Figure 3, are

S(a) = r(M; = M,) (22)
Sy(a) = r(M; — H) (23)
53(31) = %[V(Ml - 01) + r(Ml - Oz)] (24)
S(a) = = [£(H = M, = 0) + (H - M, - 0,)]
(25)
55(31) = ’(Mz - X) (26)
1
Sé(bz) = f[”(Ml - 01) - V(M1 - 02)] 27)
S,(b,) = %[L(Mz -0, -M) +«£(M, - 0, - M))]
(28)
Sg(b,) = %[A(H -M -0)-«H-M - 0,)]
(29)
S9(b2) = %[A(X -M, - 01) - L(X -M, - 02)]
(30)

3193
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S;o(b;) = LIN(M, — M, — H) (31)

Si(by) = 7[0; = M, — H — O,] (32)

Sip(by) = LIN(M, — M, — X) (33)
H

Figure 3. Visual depiction of the HXM;M,0, molecule.

where “LIN” in both of these cases corresponds to a linear
bending mode, which happens to be out of plane in these
systems.

In addition to the standard F12-TZ computations described
above, the effects of core electron correlation are investigated
for the third-row metal (MO), molecules through the use of
the cc-pCVTZ-F12* basis sets and core correlation (1s* for
oxygen and 1s*2s*2p° for the third-row atoms) turned on in
the CCSD(T)-F12b computations. Magnesium additionally
requires the use of a cc-pVTZ-F12/jkfit basis set for the DF
portion of these energy computations.

Upon completion of the single-point computations, the QFF
function is fit by a least-squares method with sums of squared
residuals on the order of 107'¢ a.u.? or less in all cases. This
fitted function gives the equilibrium geometry, and a refit
produces the final force constants used to compute the
anharmonic frequencies. The INTDER® program transforms
the force constants into Cartesian coordinates for use in
second-order rotational® and vibrational perturbation theory
(VPT2)""” within the SPECTRO” program. The force
constants for each molecule are given in the Supporting
Information. Fermi and Coriolis resonances are taken into
account in these computations to increase the accuracy of the
anharmonic values.”*”> The resonances are shown in the
Supporting Information. The frequency labels in Table 1 are
ordered first by symmetry and then by the magnitude of the
frequency. This ordering across molecules preserves the
grouping of the modes into the M—O stretches and the
torsion and antisymmetric bending modes, hereafter referred
to as O bending modes. This convention is similarly
maintained in Table 2. Differently, in Table 3, the modes are
ordered relative to HAIMgO,.

Anharmonic scaling factors for the harmonic frequencies are
obtained using the harmonic and anharmonic frequencies
generated by SPECTRO and are averaged in two groups for
the tetra-atomic molecules. The first group includes the modes

https://dx.doi.org/10.1021/acs.jpca.0c01609
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Table 1. Explicit QFF Harmonic and Anharmonic Frequencies (in

Molecules, without Core Correlation

Mg

symmetry this work CcCR* diff Al
w, a, 672.8 681.8 9.0 805.4
w, a, 449.0 450.3 13 524.3
w; by, 573.1 580.7 7.6 647.7
w, b, 285.3 286.9 1.6 302.0
ws b, 664.1 673.6 9.5 774.9
wg b, 607.4 615.0 7.6 679.9
flw)? 0/0 0/0
fw,)? 0/0 0/0
flw;)? 0/0 0/0
flwy)? 140/146 51/40
faws)? 178/184 161/164
Flwe)? 200/177 218/87
ZPVE 1619.8 1860.4
v a, 663.7 672.2 8.5 794.6
v, a, 446.1 450.3 42 520.8
v by, 562.3 569.4 7.1 634.9
vy b, 283.4 284.4 1.0 300.4
Vs b, 653.0 661.8 8.8 762.6
v bs, 597.3 605.0 7.7 6672

cm™!) and Intensities (in km mol™) of the (MO),

Si P S© Ca Ti
859.7 889.3 781.8 544.0 740.8
560.5 622.9 519.2 295.8 425.7
579.8 710.6 658.4 428.3 441.0
238.5 437.2 297.1 207.4 190.0
783.8 754.8 755.3 508.2 706.6
827.1 647.3 674.0 643.0 715.2
0/0 0/0 6/6 0/0 0/0
0/0 0/0 2/1 0/0 0/0
0/0 0/0 0/0 0/0 0/0
2/1 35/28 12/8 181/150 236°/26
166/149 85/86 151/157 257/342 87/110
562/511 677/30 52/53 231/316 996/700
1918.6 2021.6 1832.0 1306.8 1604.2
845.2 875.9 769.9 536.8 725.3
557.3 617.1 510.6 293.9 422.3
565.8 692.6 643.1 420.0 435.7
240.2 432.6 287.2 207.0 193.2
772.1 742.8 741.3 501.2 697.4
813.1 633.4 664.0 627.7 696.8

“Previous results from ref 26. “Denotes imaginary frequency. “Actually C,, symmetry. “Double-harmonic intensities at the MP2/6-31+G*/B3LYP/
aug-cc-pVTZ levels of theory with the exception of Ca, which used cc-pVTZ for the B3LYP computations.

Table 2. Explicit QFF Harmonic and Anharmonic Frequencies (in cm™) of the Selected (MO), Molecules, with Core

Correlation via CCSD(T)-F12b/cc-pCVTZ

symmetry Mg Al Si P s«

W, ay 681.8 811.9 862.7 893.7 784.4

W, ag 453.6 527.0 562.0 625.6 521.6

[0} by, 581.2 653.6 580.5 714.5 660.8

W, by, 287.3 304.1 2389 4413 298.3

ws b 674.5 7834 786.8 757.2 757.5

[on b, 614.7 674.4 829.7 643.9 675.8

ZPVE 1640.5 1869.3 1925.1 2029.0 1839.2

21 ag 673.0 801.0 848.5 881.3 772.2

12 ag 450.7 518.8 559.3 619.8 513.1

Uy by, 570.2 640.7 566.5 696.7 646.0

Uy b, 285.7 305.1 242.7 437.1 289.8

v ba 6627 769.7 775.6 745.4 7444

Vg b, 604.2 660.0 815.8 630.1 666.8

A(cC), -93 —64 -33 —69 -23

A(cC), —46 +2.0 20 27 -2

A(cC), 7.9 -58 0.7 —4.1 -29

A(cC), 23 —47 -25 —45 26

A(cC)s 97 -7.1 -35 2.6 -3.1

A(cC)s —69 +72 27 +33 -28

average -3.5

MAE 4.3
“Actually C,, symmetry.
with M—O stretches, while the second includes the remaining between the scaled anharmonic frequencies and the explicit
O bending modes. The percent anharmonicity is calculated for QFF anharmonic frequencies is then calculated as well. The
each fundamental frequency by taking the difference between simple average and mean absolute error (MAE), or the
the QFF anharmonic value and the harmonic value and unsigned average, of these differences are given at the bottom
dividing it by the harmonic. The scaling factor utilized is then of Table 4 for the tetra-atomic molecules. Scaling factors for
the difference for each of these values from unity. The resulting the M—H stretching and bending modes and the coupled M—
scaling factors are averaged within the groups for all of the H bend/M—O stretch are generated by the same procedure
molecules and are multiplied with the harmonic frequencies, applied to the five- and six-atom molecules. Modes are
giving the scaled anharmonic frequencies. The difference classified as shown in Table 5, and the average and MAE

3194 https://dx.doi.org/10.1021/acs.jpca.0c01609

J. Phys. Chem. A 2020, 124, 3191-3204


pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c01609?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Table 3. Explicit QFF Harmonic and Anharmonic Frequencies (in cm™') and Intensities (in km mol™') of the Hydride

Molecules
symmetry HAIMgO, HMgAIO,

[ON a; 1975.4 1606.3
@, a 784.6 4043
3 a 671.8 887.8
w, a 4922 450.0
[08 a,
w4 b, 4982 345.1
@, b, 2689 2454
[ON b,
wy b, 776.4 1012.1
Wy b, 643.4 234.8
(o b, 5583 3639
@Dy b,
fw)* 210 218
flwy)? 113 125
fws)* 153 9
Aay)* 6 0
fay)*
flwe)” 153 316
flwr) 47 0
faog)®
flwe)? 299 85
flw)” S8 59
f(wu)a 0 173
Aawp)*
ZPVE 3313.6 2800.4
I a, 1909.5 1549.5
vy a 774.1 440.5
v, a 661.4 876.4
v, a 488.8 4452
Vs a,
Ve b, 4928 5132
12 b, 267.7 321.9
Vg b,
Vg b, 764.6 996.9
Vio b, 634.9 205.6
vy b, 550.6 297.2
U b,

“Double-harmonic intensities at the MP2/6-31+G* level of theory.

HSiAIO, HAISiO, HAISiO, HSiMgO,H
2308.4 2032.6 2067.7 2328.3
1049.0 844.2 800.1 1045.8

526.0 804.2 844.7 5394
409.3 542.5 S514.1 429.8
402.1 218.5
578.8 498.7 296.7 371.0
213.6 2483 548.8 803.4
498.7 596.3
1137.5 820.0 1313.9 1624.0
794.1 660.1 887.3 288.7
194.0 549.4 690.7 1164.1
167.0 341.5
142 170 93 75
69 4 300 95
96 378 0 100
177 7 186 56
18 9
52 161 14 206
S 1 38 26
4 S8
128 311 205 219
17 19 332 33
42 N 4 233
4 295
3578.7 3482.0 4464.7 4843.1
2220.1 1967.1 1996.4 2245.8
1033.1 832.4 784.9 1032.2
519.9 791.1 833.1 534.5
429.9 539.4 508.7 417.2
381.9 219.8
573.2 510.6 292.5 3723
213.2 248.8 494.7 792.7
458.1 589.8
1119.7 806.9 1259.8 1573.8
786.4 648.3 867.8 279.9
178.9 538.6 676.6 1148.5
173.5 343.6

differences between the QFF and scaled results are reported in
Table 6. The generated scaling factors are also applied to
molecules from the recent literature>"”® and their perform-
ance is compared to the reported anharmonic corrections, as
shown in Table 7.

B RESULTS AND DISCUSSION

Explicit Anharmonic Frequencies. The anharmonicities
for these molecules are rather small, with all of them falling
below 20 cm™. This is a testament to the rigidity of the M—O
bonds, which can be judged most directly by the magnitudes of
the force constants in the O—O and M—M coordinates. The
symmetric and antisymmetric pairings of these occur in the
first two coordinates, so F); and F,, give good estimates of
their strength. As shown in the Supporting Information, the
greatest of these force constants occurs in the F; of (PO), at
4.69 mdyn/A? and the rest of the associated constants for the
other tetra-atomic molecules are greater than 1.8 mdyn/A%
This makes them roughly comparable to other third-row atom
single bonds in terms of their strength.‘“’86

3195

The present F12-TZ QFF values for (SiO), of 772.1 and
813.1 cm™! for vg and v, respectively, from Table 1, compare
quite favorably with those determined by Anderson and
Ogden®" of 766.3 and 804.7 cm™'. This is especially true
because these experimental data are obtained in nitrogen and
argon matrices. Such spectroscopic techniques likely red-shift
the observed spectra versus gas-phase frequencies.”’ Similarly,
the herein reported values are also comparable to those
obtained by Khanna, et al.’® of 804.4, 765.5, and 252 cm ™! in
an N, matrix, with the lowest of these coming close to the F12-
TZ QFF value of 240.2 cm™" for v,. A more recent Ar matrix
study”” yields values of 803.2 and 768.2 cm™!, which again
compare favorably with the values reported here. For (AlO),,
the present values for v, v, and v, of 794.6, 667.2, and 520.8
cm™!, respectively, are nearly identical to cryogenic velocity-
map imaging experimental data obtained by DeVine et al. at
794, 663, and 523 cm™'.%®

Additionally, the present F12-TZ value of 501.2 cm™ for v
of (Ca0), compares well with the nitrogen matrix results of
497.0 cm™! obtained by Andrews et al.”’ This agreement is

https://dx.doi.org/10.1021/acs.jpca.0c01609
J. Phys. Chem. A 2020, 124, 3191-3204
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Table 4. Anharmonic Frequency Corrections and Scaling Factors for (MO), Molecules

M fundamental anharmonic correction
Mg 12 9.1
I 10.8
vs 111
Vg 10.1
123 29
N 1.9
Al I 10.8
v 12.8
Vs 12.3
v 127
v, 3.6
I 1.6
Si v 14.5
V3 14.0
vs 11.7
Vg 14.0
12 3.2
v, -1.7
P I 13.4
v 18.0
Vs 12.0
Vg 13.9
Uy 5.8
I 4.6
S v 11.9
I 153
Vs 14.0
Vg 10.0
12 8.6
Uy 9.9
Ca v, 7.2
vy 8.3
Us 7.0
Vg 15.3
v, 1.9
vy 0.4
Ti 2 15.5
12 S.3
Vs 9.2
Vg 18.4
Uy 3.4
vy =32

M-O stretch avg corr
O stretch avg corr
M-O stretch MAE corr
O stretch MAE corr

percent anharm scaled anharm QFF-scaled diff. T, diag.
1.353 661.0 -1.9 0.022
1.884 563.0 0.7
1.671 652.4 —0.6
1.663 596.7 —0.6
0.646 445.7 —-0.4
0.666 283.2 -0.2
1.341 791.2 =34 0.023
1.976 636.3 1.4
1.587 761.3 -13
1.868 667.9 0.7
0.687 520.4 —0.4
0.530 299.8 —0.6
1.687 844.6 -0.6 0.016
2418 569.6 3.8
1.493 770.0 -2.1
1.693 812.6 -0.5
0.571 556.4 -0.2
-0.713 236.7 =35
1.507 873.7 -0.7 0.015
2.533 698.1 S.5
1.590 741.5 -13
2.147 635.9 2.5
0.931 6183 1.2
1.052 434.0 14
1.522 768.1 —1.8 0.017
2.324 646.8 3.7
1.854 742.0 0.7
1.484 662.2 -1.8
1.656 515.4 4.4
3.332 294.9 7.7
1.324 534.4 -1.6 0.024
1.938 420.8 0.8
1.377 499.3 -1.9
2.379 631.7 4.0
0.642 293.6 -0.3
0.193 205.9 -1.1
2.092 727.8 —4.8 0.060
1.202 433.2 =25
1.302 694.2 =32
2.573 702.6 5.8
0.799 422.6 4.5
—1.684 188.6 —4.6
0.0
0.6
22
2.2

preserved in isotopic substitution computations, where one
and then both of the oxygen atoms are replaced with 0.
Andrews et al. obtain values of 489.4 and 481.2 cm™" for this
mono- and disubstitution, respectively, while the F12-TZ
methodology gives results of 488.5 and 481.1 cm™.”
However, the other frequency assigned to (CaO), by Andrews
et al. of 559.5 cm™ does not agree well with any of the
presently computed values. This value is more than 20 cm™
higher than the present value of 536.8 cm™ for v}, and the
double-harmonic intensity computations suggest that this
frequency would be invisible to the experiment, regardless.
This leaves v as the closest possible counterpart in the present
study, but its value of 627.7 cm™" is well beyond the expected
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error for the F12-TZ methodology. In contrast, one of the
frequencies assigned by Andrews et al. to CaO; at 633.9 cm™
does agree well with our value for vs. Comparing the '*O
results strengthens this similarity, with the computed value of
6022 cm™' coming even closer to the experimental value of
599.7 cm™.” Hence, the present study implies that this band
previously assigned to CaOj likely correlates to (CaO),.

As alluded to above, the computed frequencies that are
detectable are those where the dipole moment shifts with the
motions of the atoms. This narrows the observable frequencies
for each of the tetra-atomic molecules (save for the SO dimer)
to those with b,,, by, and b;, symmetries. Although v, has the
lowest nonzero intensity for each of the molecules, as shown in

https://dx.doi.org/10.1021/acs.jpca.0c01609
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Table 5. Anharmonic Frequency Corrections and Scaling Factors for the Hydride Molecules

molecule

HAIMgO,

HMgAIO,

HSIAlO,

HAISiO,

HAISiO,

HSiMgO,H

fundamental
X

b
v,

L
v;”

.
Un

anharmonic correction

65.8
10.5
10.3
3.4
54
1.2
11.7
8.5
7.7
56.8
—36.2
114
4.8
—168.1
—76.5
15.2
29.2
66.7
88.3
15.9
6.1
—20.6
5.6
0.5
17.8
7.7
15.1
65.5
11.8
13.1
3.1
—-11.9
-0.5
13.1
11.7
10.8
71.4
15.2
11.6
54
20.2
4.2
54.1
40.6
54.2
19.5
14.1
—6.5
82.5
13.6
4.9
12.6
—-14
-13
10.7
6.5
50.2
8.8
15.6
=21

percent anharm. scaled anharm.
3.336 1907.6
1.338 770.8
1.548 660.0
0.691 488.6
1.084 492.4
0.446 266.9
1.520 762.8
1.321 628.0
1.379 545.0
3.536 1551.1
—8.954 397.2
1.284 872.2
1.067 446.7
—48.711 341.1
—-31.174 243.6
1.502 994.3
12.436 2292
18.329 355.2
3.825 2229.1
1.516 1030.6
1.160 516.8
—5.033 406.3
0.968 572.0
0.187 212.0
1.565 1117.5
0.970 775.1
7.784 189.4
3.222 1962.8
1.398 829.4
1.629 790.1
0.571 538.5
—2.386 492.9
—0.201 246.5
1.598 805.6
1.788 644.3
1.966 536.3
3.448 1996.7
1.900 786.0
1.373 829.9
1.050 510.3
5.024 399.1
1.416 293.2
9.858 544.7
8.141 492.9
4.118 1290.8
2.198 866.1
2.041 674.2
-3.892 165.8
3.543 2248.3
1.300 1027.4
0.908 529.9
2932 426.6
—-0.595 2159
—0.350 366.7
1.332 797.5
1.090 589.3
3.091 159S.5
3.048 281.8
1.340 1136.3
—-0.615 33S8.5
3197

QFF-scaled diff T, diag.
1.9 0.018
33
14
0.2
0.4
0.8
1.8
7.1
S.1

-1.6 0.022
0.1
3.1

-1.5

172.1

78.3
2.8

—23.6
—-57.8

—4.5 0.018
2.5
3.1

=33
1.2
1.2
4.7
10.3
—10.5
4.3 0.016
3.0
1.0
0.1

17.7
2.3
1.3
4.0
23

-0.3 0.050
0.3
35

-1.6

—16.1
-0.7
—-37.0
—34.8
-31.0
1.7
32
7.7
3829 0.022
4.8
=77
—10.1
3.9
5.6

—4.4

0.5
-21.7

-19

12.2
8.1
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Table S. continued

“MH stretch. MO stretch. “MH bend and MO stretch. “MH bend. MO bend.

Table 6. Results of Applying Scaling Factors to the Hydride
Molecules

scaling QFF-scaled avg.  QFF-scaled MAE
factor diff. diff.

M-O stretch 0.98242 -0.8 S.5

O bend 0.99261 1.2 11.8

M-—H stretch 0.96565 0.0° 2.5°

H bend 0.98829 -0.8° 8.14

M-O stretch + H 0.97610 —4.0 11.6

bend

“Including the large contribution from HSiMgO,H increases this to
63.8. hIncluding the large contribution from HSiMgO,H increases
this to 65.9. ‘Including the large contribution from HMgAIO,
increases this to 18.4. dIncluding the large contribution from
HMgAIO, increases this to 26.3.

Table 7. Scaling Factors Applied to Literature Molecules

total
previous previous scaled  QFF-total
molecule  fundamental harmonic anharmonic anharm. scaled diff.
MgSiO,* v 1278.6 1261.8 1256.1 -57
123 872.7 858.8 857.3 —-14
U3 824.7 812.0 810.2 —-1.8
Uy 710.1 700.3 697.6 —=2.7
Us 618.1 608.2 607.2 -1.0
Vg 483.2 479.9 479.6 0.8
12 431.6 428.7 428.4 -0.3
Ug 310.0 308.2 307.7 -0.5
123 165.4 164.7 164.2 -0.5
M-O stretch avg =25
O bend avg —0.1
M-O stretch MAE 2.5
O bend MAE 0.5
HOSi*? v 11215 1101.2 1101.8 0.6
HSiO** 2 2244.4 2158.9 2167.3 —8.4
Uy 1262.3 1246.3 1240.1 —6.2
HPO" v, 2165.6 2055.7 2091.2 —-35.5
U3 1211.8 1197.8 1190.5 -7.3
HSO*" v, 3517.9 33232 3397.1 —73.9
Uy 1238.3 1219.6 1216.5 =3.1
HOS*™® Uy 1045.6 1029.3 1027.2 -2.1
SNO™ 123 497.6 490.9 488.9 2.0
OSN™“ 12 1015.0 999.4 997.2 2.2
M-O stretch avg =32
M-O0 stretch MAE 34
M~—H stretch avg -39.3
M-—H stretch MAE 39.3
overall M—O stretch avg -29
overall M—O stretch MAE 3.0
overall M—H stretch avg -39.3
overall M—H stretch MAE 39.3

“CCSD(T)-F12/cc-pVTZ-F12 QFF from ref 3. bCcC QFF from ref
41. “CcCR QFF from ref 97.

Table 1, most are at or above the intensity for the
antisymmetric stretch of water at 70 km mol™". Between v
and v, v is typically the most intense, with that of (TiO),
being the brightest, followed by (SiO), and (PO),. The same

mode of (PO), demonstrates significant disagreement between
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the two intensity computations, but the MP2 results are likely
more trustworthy based on previous work.*

With this in mind, only the MP2 intensities are reported for
the hydride molecules. Each of these molecules contains at
least four modes with intensities greater than the aforemen-
tioned antisymmetric stretch of water. Because of the greater
variation in electronic arrangement between these molecules,
generalization about which mode is the most intense is more
difficult. In every case, the first a; mode and the first b, mode,
corresponding to v; and vy, respectively, have intensities of
greater than 70 km mol™". Directly comparable experimental
data are not available to gauge the performance of the F12-TZ
QFF methodology. However, the presence of a permanent
dipole moment in each of these molecules offers a chance to
first observe them through rotational spectroscopy that is not
possible for the tetra-atomic structures. This would allow for
initial characterization of these molecules before vibrational
studies that can be performed with much higher confidence.
Such necessary rotational data are also provided in Table 9. A,
By, and C; therein correspond to the rotational constants in the
ground vibrational state, while A,, B, and C, are those for the
equilibrium geometry. Similarly, in Table 8, A, B, and C, are
the rotational constants for the first vibrationally excited state
in the mode n.

The T, diagnostics for all but two molecules fall within the
acceptable range. The T diagnostic is often used as a measure
of a system’s multireference character, with values of roughly
0.02 and lower corresponding to a reasonably low multi-
reference character.'” As such, the methods used herein seem
appropriate for the treatment of the molecules in the two
series, but (TiO), and HAISiOj; likely have some character-
istics that cannot be as well described because of their
respective T diagnostics of 0.060 and 0.050, as given in Tables
4 and S. This casts some doubt on the accuracy of the
frequencies obtained for these structures, but their contribu-
tions to the scaling factors should not affect any of the major
results.

Another trend is the increasingly prolate nature of the tetra-
atomic molecules as the molecular mass increases. (MgO),,
with the second-longest O—O bond length, is oblate, as shown
in Figure 4, because its A and B rotational constants (Table 8)
are close in magnitude. The molecules take on more of a
prolate structure when moving across the periodic table to
more massive M. The size of the B rotational constant also
decreases relative to the A constant, putting it closer to the C
constant. This trend continues on the next row for calcium and
titanium. The titanium oxide dimer is the most prolate of the
tetra-atomics based on the similarity of its B and C rotational
constants and the proportionately larger A constant, as shown
in Table 8. This trend repeats with the five- and six-atom
molecules, with those containing the heavy silicon atom having
A constants that are relatively greater than the B and C
constants, as shown in Table 9 and Figure S.

Scaling Factors. Applying the grouped scaling factors
generated from all seven tetra-atomic molecules (0.98242 and
0.99261) in Table 4 yields an average correction of 0.0 cm™, a
fortuitous coincidence here, for the M—O stretches and only
0.6 cm™! for the O bends. Regardless, these values suggest that
there is little difference between the explicitly computed QFF

https://dx.doi.org/10.1021/acs.jpca.0c01609
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Table 8. Bond Lengths and Rotational Constants of the (MO), Molecules

units Mg Al Si
Ry(M-0) A 1.87417 1.75161 1.69635
R,(0-0) A 2.86784 2.53910 2.34691
Ay MHz 7697.2 9818.3 11,491.0
B, MHz 7247.6 6440.5 6027.0
Co MHz 3727.9 3884.9 3949.7
A, MHz 7681.6 9792.6 11,454.0
B, MHz 7224.3 6430.4 6025.3
C, MHz 37313 3889.7 3956.9
A MHz 7697.6 9828.6 11,509.9
B MHz 7219.4 6417.9 6007.0
Cs MHz 3715.0 3873.4 3938.8
Ag MHz 7713.2 9776.8 11,449.9
By MHz 7247.3 6446.2 6024.7
Cs MHz 37254 3874.5 3939.6
A, kHz 3.625 2.103 1.590
Ay kHz 8.636 8211 8.571
Ay kHz —5.557 —1.429 2.062
5 kHz 1.547 0.813 0.561
S kHz 1.137 2425 3.891
ol mHz 6.020 1.987 1.254
Dy mHz 41914 44.036 57.504
D mHz —23.097 —6.863 —7.661
@y mHz —10.722 —21.367 —27.727
#; mHz 3.008 0.990 0.620
P mHz —6.065 —1.005 —1475
dx mHz 11.259 18.157 34.670
dipole D 0.0 0.0 0.0

“Sulfur has an additional dihedral angle of 141.06260704° (O—S—S—0).

P s” Ca Ti
1.66137 1.70175 2.14386 1.83246
2.22205 229398 3.00359 249236
12,8232 11,125.8 7017.1 10,185.9
5354.0 53717 2704.3 2922.6
3773.0 3806.1 1950.3 2269.5
12,7534 11,1167 6997.6 10,144.0
5335.5 5355.6 2703.9 2926.7
3774.0 3794.7 1952.6 22747
12,874.4 11,090.2 7032.6 10,202.3
5338.0 5358.5 2698.1 29152
3763.1 3797.1 1946.3 2264.3
12,773.8 11,154.2 6979.3 10,143.1
$357.7 5366.8 2704.4 2921.6
3761.2 3794.8 1946.0 22652
1.031 1.593 0.478 0.362
11.177 13.186 9.269 9.793
1.685 -1.018 —0.704 1317
0.310 0.389 0.159 0.095
2.746 2.542 1.127 1.887
0.493 1.278 0.330 0.090
40.190 52432 43.653 35.367
—1.889 3354 —1.044 —2.244
—17.401 —23.118 —11.662 —9.304
0.241 0.569 0.158 0.044
0.529 1.186 0475 —0.793
27.991 30.757 17.776 26.450
0.0 0.5 0.0 0.0

A B : C : D
F G
S J’
Figure 4. Optimized geometries of the D,, (MO), molecules, where
Mis (A) Mg, (B) Al (C) Si, (D) P, (E) S [Cy,], (F) Ca, and (G) Ti.

N

7N

anharmonic frequencies and the scaled frequencies for the
oxygen stretching frequencies in those relatively low-frequency
motions of these small molecules. Similarly, the difference for
the oxygen bending frequencies is an order of magnitude
smaller than the expected error for the explicit computa-
tion,***” indicating that there is effectively minimal difference
for these frequencies as well.

The performance of the other scaling factors is somewhat
less impressive when applied to the five- and six-atom
molecules. The MAE difference between the explicit QFF
and scaled values is 5.5 cm™" for the M—O stretching modes of
these molecules, which is greater than the 0.0 cm™! for the
tetra-atomics but still within the estimated error of the QFF

Table 9. Geometrical Parameters and Rotational Constants for the Hydride Molecules

units HAIMgO, HMgAIO, HSiAIO, HAISiO, HAISiO, HSiMgO,H
RO(MI—H) A 1.57283 1.70754 1.46868 1.56067 1.55272 1.46602
Ry(M;—0) A 1.73165 2.10451 1.56249 1.73997 1.74950 1.55893
RO(MZ—O) A 1.86560 1.64651 2.01284 1.68388 1.64742 2.07348
Ry(M;—M,) A 2.41690 2.46418 2.5045S 2.41794 2.38620 2.51379
£(H-M,-0) deg 129.814 138.685 126.565 135.860 136.344 124.596
Ry(M,—N) A 1.51021 1.70323
£(N-M,—0) deg 132.853 141.764
Ay MHz 8896.1 8155.2 9986.6 10,725.2 10,794.5 9553.3
B, MH:z 6175.4 5669.9 5305.4 5707.2 2731.4 5046.5
Co MH:z 3641.4 3338.8 3458.7 37219 2179.0 3298.3
A, MHz 8936.5 8193.3 10,035.9 10,773.6 10,845.9 9593.4
B. MHz 6201.2 5702.4 5339.9 §729.3 2740.1 5075.2
C, MHz 3660.8 3362.2 3485.4 3740.2 2187.6 3319.3
dipole moment D 6.4 5.7 3.6 2.1 6.3 3.4
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Figure S. Optimized geometries of the C,, H(X)M;M,0, molecules,
where the molecular formulas are (A) HSiAlO,, (B) HAISiO,, (C)
HMgAIO,, (D) HAIMgO,, (E) HAISiO;, and (F) HMgSiO,H.

methodology of S—7 cm™. In contrast, the MAE difference for
the O bending motion falls outside this range at 11.8 cm™".
Similarly, the MAE for the M—H stretch (2.5 cm™) but not
the H bend (8.1 cm™") is within these bounds, while that for
the modes that combine M—H bending and M—O stretching
motions is also beyond the expected range at 11.6 cm™'.
Somewhat unsurprisingly, including the sign of the differences
decreases the apparent deviation thanks to a cancellation of
positive and negative errors.

Despite the decreased performance on these molecules, the
overall agreement between the explicitly computed and scaled
anharmonic frequencies is still quite sufficient for future studies
where large potential energy surfaces or even QFFs are not
possible. The five- and six-atom molecules studied herein also
demonstrate strong coupling between the different vibrational
motions, making it difficult to determine which scaling factor
to use. When these motions are more readily distinguishable,
the scaling factors will likely perform better, as they do for the
tetra-atomics. The data presented in the body of Table 6 also
leave out only the most egregious outliers for the QFF-scaled
difference, which all contain magnesium in an extended
valence construction. These additional interactions are likely
unstable for hydrides. Regardless, a more liberal assignment of
outliers would improve the average and MAE results
substantially but not to the point where this is absolutely
essential for meaningful predictions of the fundamental
frequencies.

The anharmonic scaling factors derived here for tetra-atomic
inorganic oxides perform well not only on the molecules from
which they were calculated but also on similar molecules from
the recent literature, implying a more general behavior. As
shown in Table 7, the average difference between the reported
explicit anharmonic frequencies and the scaled frequencies for
MgSiO; is —2.5 and —0.1 cm™ again for the M—O stretches
and the O bending frequencies, respectively. The MAEs for the
same groups are 2.5 and 0.5 cm™". For the triatomic molecules
mentioned in Table 7, the average M—O stretch difference is
—3.2 cm™" and the MAE is 3.4 cm™'. Combining these with
the MgSiO; M—O stretching frequency data gives an overall
average correction of —2.9 cm™" and a very similar MAE of 3.0
cm™". Although these corrections are larger than those
obtained on the tetra-atomic training set, they are still less
than half the size of the error inherent in the QFF method used
herein.***” This suggests that the relative accuracy of the
scaled anharmonic corrections is comparable to the explicit
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QFF results, again providing promise for scaling factors applied
to much larger systems.

The M—H stretching scaling factor derived from the five-
and six-atom molecules does not perform quite as well on
these literature molecules, as demonstrated by the MAE of
39.3 cm™, as shown in Table 7. Although this MAE is quite a
bit larger than that observed for the M—O stretching modes,
the absolute frequencies of the M—H stretches are much
higher. In particular, the H—S stretch of HSO" has a previously
reported fundamental frequency of 3323.2 cm™'. Taking its
relatively massive QFF-scaled difference of —73.9 cm™" relative
to this yields only a 2% error, which is comparable to the
roughly 0.1% error for the best-behaved of the other scaled
harmonic values in v, of MgSiO;. This is still over an order of
magnitude difference, but the extent of the error for the M—H
stretches is still much smaller than the anharmonic correction
itself; therefore, the scaled values offer some, even if not ideal,
improvement on the harmonic values, regardless.

On a related note, it would be ideal to have a uniform scaling
factor to apply to all of the harmonic frequencies produced by
a given methodology. However, the range of magnitudes of the
frequencies in question is so large that an average over all of
the modes would treat those at the extreme high and low ends
quite poorly. Losing some convenience in application by
requiring the classification of particular modes leads to
substantial gains in accuracy that should be worth the trade-
off for most applications.

In the case of the tetra-atomic D,;, molecules studied here,
233 single-point energy computations are needed to obtain the
explicit anharmonic frequencies, while only 21 are present to
obtain harmonic frequencies by the same method. In terms of
time, the 233 points for (MgO), require a total of 40,787 s
(11.3 h) on our local system, while the harmonic frequencies
require only 3676 s (1.0 h). By either measure, this reflects a
difference of an order of magnitude in computational cost
reduction, and the marginal accuracy gains do not require
using the more rigorous method for most applications such as
comparison to high-resolution experimental data. Furthermore,
the time increase compounds geometrically for larger systems,
making the eventual extension of the QFF methodology to
extended molecules and clusters virtually unthinkable.

Core Correlation. Core electron correlation has been
shown to be necessary to include in constructin% QFFs that
approach a spectroscopic accuracy of 1.0 em™'.**** However,
such accuracies are only meaningful for inclusion at the triple-
zeta basis level which is where the F12-TZ approach is already
settled. Hence, any inclusion of core correlation for the F12-
TZ level will be performed within the level of theory itself and
cannot be in a time-saving composite approach.

CCSD(T)-F12b/cc-pCVTZ-F12 QFF anharmonic vibra-
tional frequencies in Table 2 agree very well with the
previously reported CcCR data for (MgO), but are farther
from the available experimental results than the F12-TZ
frequencies in all cases but one. The (SiO), v, of 242.7 cm™
from the core-correlated QFF comes slightly closer to the
experimental data than its F12-TZ counterpart. This one
instance of improved agreement appears to result from the fact
that the core-correlated frequencies are greater than the non-
core-correlated frequencies in every other case, and the
experimental result is actually greater than the F12-TZ result
for this one result. Disregarding this slightly better agreement
with the experimental data, the MAE difference between the
core and noncore computations is only 4.3 cm™', which is
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within the expected error for the F12-TZ QFF methodology.
Although such an accuracy is needed in some cases, other
systems may not require or be possible to treat with such
quantum chemical rigor.

Even if this difference brought the results closer to those of
the experiment, the greater computational demand of the core-
correlating computations would likely not justify this slight
increase in accuracy, at least for future application to larger
inorganic oxide molecules. The energy points for the QFFs for
(MgO),, (AlO),, (SiO),, (PO),, and (SO), require a total of
454,695 s (5.3 days) without core correlation, while the
corresponding energy computations with core correlation on
the same computing system require 5,949,850 s (68.9 days), a
13-fold increase. Although running these jobs massively in
parallel, as they are in this work, will decrease the wall time
required, this measure vividly demonstrates the substantial
difference in computational requirements for the two methods.

Similarly, comparison to the CcCR data for (MgO),
suggests that the inclusion of relativistic effects and a complete
basis set extrapolation offer only minor improvements over the
reported F12-TZ results with yet another increase in required
computational time. Although the differences between the
core-correlated and the non-core-correlated computations on
this molecule are on the order of 5—10 cm™', the disparities
between the core-correlated and CcCR data are all less than or
equal to 1.3 cm™, with most of these less than 1.0 cm™.
Hence, if more accurate data are required and the size of the
system affords it, the addition of core-correlation should be the
most impactful improvement. However, the inclusion of these
effects seems unnecessary for the treatment of the current
systems, and such an increase in computational time would be
wholly intractable when extending this methodology to larger
covalent networks. This could further reduce the sizes of
molecules for which F12-TZ computations are possible and
would do so for little-to-no-gain based on the present results.

B CONCLUSIONS

Anharmonic scaling factors developed in this work are largely
predictive of fundamental vibrational frequencies. These values
allow for the computation of anharmonic frequencies at
relatively high levels of theory for systems well beyond the size
benchmarked here, where explicit anharmonic methods are not
teasible. The anharmonic scaling factors developed in this
study on a training set of seven tetra-atomic inorganic oxides
and six five- and six-atom hydrogenated inorganic oxides are
able to predict the anharmonic frequencies compared to
explicit anharmonic computations of molecules in the set
within an average of 2.2 cm™" and those of molecules from the
recent literature within 3.0 cm™". The prediction of the well-
defined M—H stretching frequencies in the associated five- and
six-atom hydrides is nearly as successful when the Mg—H
containing structures are removed. Even when performance
breaks down in the other modes, the scaling factors still give
results with errors of the same magnitude as the F12-TZ QFF
methodology, making their utilization similarly accurate as
explicit QFFs at this level of theory.

Hence, the much more time-consuming QFF portion of the
present method may not be necessary to achieve reasonable
accuracy on related systems provided that F12-TZ harmonic
frequencies are accessible. This would allow for the
computation of the anharmonic frequencies of much larger
molecules, such as clusters of inorganic oxides containing 20 or
more atoms approximating nanoclusters, which would be
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impossible with the full F12-TZ QFF method. Furthermore,
the possibility exists that the addition of more molecules to the
training set could improve the heuristic scaling factors for these
larger systems, but most are likely well-defined with those
determined here because these frequencies are already low and
minimally anharmonic. Faster prediction of experimental
spectra will help laboratory spectroscopists and astronomers
assign molecular carriers to observed and unexplained peaks
from various astrophysical infrared sources. Although the
quantum chemical prediction of rotational constants still
requires more accurate methods at this point than even F12-
TZ QFFs, the infrared spectral data can take advantage of the
anharmonic scaling factors, pairing well with the infrared
capabilities of the upcoming James Webb Space Telescope.

Finally, the present work has provided accurate descriptions
for the vibrational frequencies and spectroscopic constants of
the following inorganic oxides and hyrogenated oxides:
(MgO)ZJ (AlO),, (SiO),, (PO), (SO), (Ca0), (TiO),
HAIMgO,, HMgAIO,, HSiAlO,, HAISiO,, HAISiO;, and
HSiMgO,H. Comparison to existing spectral data shows that
the F12-TZ data are, in most cases, fortuitously more accurate
than the same level of theory including core electron
correlation in-line with previous work.***” The hydride bend
has a flat potential, but the stretch is more well-defined. In
either case, the M—O bonds are more important for
descriptions of the bonding and vibrational structure of these
inorganic oxides.
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