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ABSTRACT

SiC; is a fascinating molecule due to its unusual bonding and astrophysical importance. In this work, we report the first global potential energy
surface (PES) for ground-state SiC, using the combined-hyperbolic-inverse-power-representation method and accurate ab initio energies.
The calibration grid data are obtained via a general dual-level protocol developed afresh herein that entails both coupled-cluster and multi-
reference configuration interaction energies jointly extrapolated to the complete basis set limit. Such an approach is specially devised to recover
much of the spectroscopy from the PES, while still permitting a proper fragmentation of the system to allow for reaction dynamics studies.
Besides describing accurately the valence strongly bound region that includes both the cyclic global minimum and isomerization barriers,
the final analytic PES form is shown to properly reproduce dissociation energies, diatomic potentials, and long-range interactions at all
asymptotic channels, in addition to naturally reflect the correct permutational symmetry of the potential. Bound vibrational state calculations
have been carried out, unveiling an excellent match of the available experimental data on ¢-SiC2(*A;). To further exploit the global nature
of the PES, exploratory quasi-classical trajectory calculations for the endothermic C; + Si — SiC + C reaction are also performed, yielding
thermalized rate coefficients for temperatures up to 5000 K. The results hint for the prominence of this reaction in the innermost layers of
the circumstellar envelopes around carbon-rich stars, hence conceivably playing therein a key contribution to the gas-phase formation of SiC,
and eventually, solid SiC dust.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0096364

1,2,6-8,10,11

I. INTRODUCTION in several astrophysical sources and serve as sensi-
tive molecular diagnostic tools for probing the chemical and
physical conditions of the regions in which they reside."®

Together with SiC and Si> C parent molecules, ¢-SiC; is ranked
among the most likely gas-phase precursors leading to the for-
mation of SiC dust grains in the inner envelopes of late-type

. 9,10,12,13
carbon-rich stars. ’

Silicon dicarbide, SiC,, has enjoyed a great deal of attention for
its applications in astrochemistry:]’H (iv)

(i) TIts most stable cyclic Cy, isomer, ¢-SiC2(*A,), was the first
molecular ring identified in the interstellar medium.'
(ii) Its Merrill-Sanford band system (A 'B,—X"A, electronic tran-

sition) near 5000 A was first observed in the optical absorption
spectra of evolved stars and continues to be a particularly
valuable astronomical probe of stellar atmospheres.”’

(iii) Besides rovibronic transitions, the pure rotational signatures
of both main (**Si'2C,) and singly substituted isotopologues
(¥SiC,, *8iC,, and 2Si'*CC) of ¢-SiC, have been identified

Apart from its intrinsic interest in an astronomical context,
SiC; is also a fascinating molecule from a chemical viewpoint owing
to its unique structure and dynamics.'”'® Previous laboratory'™'"'"
and quantum mechanical studies'®'”*" jointly provided ample evi-
dence that its lowest energy Cz, minimum (as definitively assigned
by Michalopoulos ef al.'”) has an exceedingly flat potential energy
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surface (PES) along the internal rotation of the C, moiety within the
molecule.'” ' Such an untypical, nondirectional Si-C, bonding in
¢-SiC, (with reportedly high ionic character) has been classified
as polytopic*’ in nature and, hence, characterized by the nearly
free circumnavigation of Si about C,.*’ Indeed, the expectedly low
energy difference between ¢-SiC, and the linear Coor (£-SiCC)
saddle-point structure was first confirmed experimentally by Ross
et al.'> as being only ~ 1883 cm™L. Clearly, like in Cs,”% the
expected high vibrational state populations and their delocaliza-
tion over large regions of the PES make c-SiCy’s intramolecu-
lar motion lying at the borderlines of spectroscopy and chemical
dynamics.

The conclusions drawn from these early experimental works
by Michalopoulos et al.'” and Ross et al.'” motivated a plethora of
detailed spectroscopic studies on ¢-SiC, aiming to further character-
ize its spectral signatures in both microwave, ' '%% infrared,”” >’
and optical' ™" regions; for a comprehensive review, see Ref. 30 and
references therein.

From the theoretical perspective, several concurring investiga-
tions were also ignited toward unraveling the SiC,’s unusual poly-
topic bonding nature and its large-amplitude dynamics;'®'****'
for a complete account of the earlier theoretical literature, the reader
is addressed to Refs. 16 and 21. In the most recent studies by
Fortenberry et al”’ and Koput,*' special emphasis were put into
the characterization of the ¢-SiC;’s local PES using state-of-the-art
ab initio composite methods. By relying on the so-called CcCR pro-
tocol,” Fortenberry et al. reported a near-equilibrium quartic force
field (QFF) for silicon dicarbide; the QFF was based on CCSD(T)
energies extrapolated to the complete basis set (CBS) limit, aug-
mented by additive corrections due to core-electron correlation
and relativistic effects.”’ Using standard vibrational perturbational
theory (VPT2), the CcCR QFF has shown to reproduce the c-
SiCy’s stretching fundamentals (v; and v;) to within 5 cm™! of
experiment,'® whereas larger deviations of up to 21 cm™' have
been found for the vs (C, hindered rotation) mode.”’ As noted
by Nielsen et al'® and Koput,*' this is not surprising given the
inherent deficiencies of VPT2 in properly describing such highly
anharmonic, large-amplitude pinwheel dynamics of ¢-SiC,. In the
most sophisticated theoretical study to date by Koput,’! a more
extended PES [hereinafter referred to as Jacek Koput (JK) PES] was
reported that describes locally not only ¢-SiC, but also the ¢-SiCC
saddle-point, in addition to the minimum energy path (MEP) con-
necting them; the calibration dataset included ab initio CCSD(T)-
F12b/cc-pCVQZ-F12 energies additively corrected for higher-order
valence-electron correlation beyond CCSD(T) and scalar relativis-
tic effects.”’ Its barrier to linearity was predicted to be 1782 cm™
which is lower than the previous high-level ab initio estimates by
Nielsen et al.'® (2030 cm™), and Kenny et al.'Y (2210 cm™), but
closer to the experimental value'® of 1883 cm™". Based on a varia-
tional approach, Koput’!' also performed bound-state calculations
on his final potential; the results have shown that the JK PES is
capable of reproducing the ¢-SiC,’s experimental vibrational term
values reported by Ross et al.'> with a root-mean-square deviation
(rmsd) of ~5 cm ™.

Clearly, all the above distinctive features of SiC, make it a chal-
lenging testing ground for any theoretical methodological develop-
ment. Moreover, the expected implications its unique spectroscopy
and reaction dynamics might have in molecular astrophysics,
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render this molecule a tempting target for further studies. As
noted above, previous theoretical studies were mainly concerned
with the determination of locally valid spectroscopic potentials for
¢-SiC,'**"?! and there is not as yet a global PES for the title sys-
tem that is capable of accurately describing both its valence and
dissociation features at once. In this work, we delve deeper into
the silicon dicarbide saga'® and provide for the first time such a
form for ground-state SiC,. To allow for both bound-state and reac-
tion dynamics calculations, the PES will be based on an accurate
ab initio protocol that incorporates the best of two worlds: coupled-
cluster [CCSD(T)] and multi-reference configuration interaction
[MRCI(Q)] energies jointly extrapolated to the CBS limit. For the
analytical modeling, we employ the Combined-Hyperbolic-Inverse-
Power-Representation (CHIPR) method™ " as implemented in the
CHIPR-4.0 program.’’ The quality of the final potential is further
judged via both spectroscopic and exploratory reaction dynamics
calculations.

II. METHODOLOGY
A. Ab initio calculations

All electronic structure calculations have been done with
MOLPRO.** To ensure an accurate description of both valence and
long-range features of the PES, the full set of ab initio grid points
were herein generated using a combination® of CCSD(T)"**
(CC for brevity) and MRCI(Q)** (MR) levels of theory. The first
is specially devised to improve the spectroscopy of the global
minimum and is limited [due to the well-known** erratic behav-
ior of such single-reference method for stretched bond distances
(Fig. 1)] to a small region of the PES near the ¢-SiC,/¢-SiCC sta-
tionary points. The MR set is in turn responsible to cover the bulk of
the PES,* being restricted to sample the fragmentation region and
geometries with high T; and D; diagnostics'"*’ [e.g., those charac-
terized by larger C-C bond distances, away from the equilibrium
region; see Fig. 3(a)]. Both datasets were subsequently extrapolated

300
rer \)
7 200
©°
Eogo o) s
©
g
S 100 - CHIPR PES —
5 CC/CBS
50 |
/ MR/CBS
\ /
7
0 . adil ‘ ‘
2 4 10
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FIG. 1. Extrapolated CCSD(T) (CC/CBS) and MRCI(Q) (MR/CBS) energies for a
cut along the perpendicular (6 = 90°) approach of a Si atom into the C, diatomic
with re = 2.401 33a,. The corresponding final CHIPR PES is also shown for com-
parison. The zero of energy corresponds to the T-shaped (C,., ) global minimum
at R = 3.253 50ay.
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to the CBS limit*>" (see below). The AVXZ (X = T,Q,5) basis
sets of Dunning and co-workers,"*"’ including additional tight-d
functions (+d) for the Si atom,*® were employed throughout.

At each selected geometry R, the CC/CBS energy was
defined as™’

« (R) = Ex (R) + EZ'(R), (1)

where EXF and EZ are the extrapolated HF and CC correlation
(cor) components. In Eq. (1), ETF s obtained via a two-point
extrapolation protocol”!

Y'(R) = B (R) + Ae™™ ()

where x=q (3.87),p (5.07) are hierarchical numbers™” that
parallel the traditional X = Q,5 cardinal ones, = 1.62, and EF
and A are parameters to be calibrated from the raw RHF/AVXZ
(X=Q,5) energies. °! In turn, EYY is obtained using the inverse-
power formula®?

A
E"(R) = EZ(R) + 3, 3)

where g (3.68),p (4.71) are CC-type x numbers,”” with Eco’ and A3
calibrated from the raw CC/AVXZ (X = Q,5) cor energies.

Similarly to Eq. (1), the CBS extrapolations of MR energies were
performed individually for the non-dynamical (CAS) and dynamical
(dc) correlations™

EYR(R) = ESXS(R) + EX(R), (4)

where ESAS is obtained using Eq. (2) but with CASSCF(12,12)/
AVXZ (X = T, Q) raw energies’' and E%
law™

is given by the two-point

As +Ag+cA35/4
(X-3/8)>  (X-3/8)%"

EX(R) = EX(R) + (5)

Here, A5 and c¢ are universal type parameters,” and ng, and A;
are obtained from the raw MRCI(Q)/AVXZ (X = T, Q) dc energies.
The full-valence CASSCF active space includes the 3s- and 3p-like
orbitals of Si and the 2s- and 2p-like orbitals of the C atoms. Note
that, in the CC calculations, core correlation was not taken into
account as this would imply, for reasons of consistency between both
datasets, the consideration of such effects also at MR level, making
the task of obtaining the global PES computationally unaffordable
with current available resources. Thus, in all CC and MR calcula-
tions, only the valence electrons were correlated, with the 2s- and
2p-like orbitals of Si being included into the core.

Using the above dual-level CC/MR CBS protocol, a total of
3682 symmetry unique points (1144 and 2538 at CC/CBS and
MR/CBS levels, respectively) have been selected to map all rele-
vant regions of the ground-state PES of SiC, using atom-diatom
Jacobi coordinates™® (r, R, and 6 in Fig. 1); the ranges are 2.0 < R/ag
<15.0,2.0 < r/ag < 3.5,and 0.0 < 6/deg < 90.0 for the Si-C, channel
and 1.2 < R/ag < 15.0, 2.8 < r/ag < 4.3, and 0.0 < 6/deg < 180.0 for
C-SiC interactions. Recall that, in partitioning the nuclear configu-
ration space, the CC/CBS dataset was chosen to cover only a limited
region around the global minimum (including ¢-SiCC), while the

ARTICLE scitation.org/journalljcp

MR/CC method was utilized elsewhere. Note that the correspond-
ing C, and SiC curves were obtained solely at the MR/CBS level
by making atom-diatom calculations with the Si and C atoms 504,
far apart, varying the diatomic internuclear distance only; the total
number of computed points for each curve amounts to ~ 63 and cov-
ers the coordinate range of 1.0 < r/ag < 50. The reader is addressed
to Figs. 3(a) and Figs. S1 and S2 of the supplementary material to
assess the full set of ab initio grid points.

Finally, it should be noted that, while the use of larger basis
sets would be desirable in estimating the CBS limits in Egs. (1)-(5),
preliminary test calculations have shown that the associated compu-
tational cost to obtain the full global PES would be nearly three times
as high if the cardinal numbers in the above extrapolation formulas
were increased by one unit. Because our proposed MR/CBS(T, Q)
and CC/CBS(Q,5) protocols have already shown excellent perfor—
mances when assessed against benchmark CBS energies,” """
we deeemed that there was no reason to extend the one-particle
bases further.

B. Calibration of CHIPR PES

Within the CHIPR* " formalism, the global adiabatic PES of
ground-state SiC,('A") assumes the following many-body expan-
sion form:*®

V(R) = VO (R1) + V2 (Ro) + VER (Rs) + VEZ (R),  (6)

where the Vs represent the diatomic (two-body) potentials
of Cy(a’I,) and SiC(X’M), and V¥ is the three-body term;
R = {Ry, Ry, Rs} is the set of interatomic separations, with the energy
zero set to the infinitely separated C(*P)+C(*P)+Si(*P) atoms. As
Eq. (6) indicates, our analytic CHIPR PES dissociates adiabatically
into Cy(a’T1,)+Si(*P) and SiC(X’II)+C(’P), hence modeling
only the lowest electronic singlet state of SiC, correlating to such
open shell fragments; this is warranted by including in Eq. (6), the
proper diatomic two-body terms and ensuring that V® naturally
vanishes for large interatomic separations.’””” Note that, similarly
to C3,°*% the ground-state singlet PES of SiC, does not dissociate
adiabatically into ground-state C, (X IZ; )+ Si(3P) fragments which,
according to spin-correlation rules,” correlate with the triplet man-
ifold of SiC, states; see Fig. S3 for further details. Note further that
the spin-allowed C, (X 12* )+Si(' D) channel lies”*”” ~16 kcal mol ™
above the Cz(a Hu)+SI( P) asymptote and correlates with excited
singlet PESs.” "

In Eq. (6), the CHIPR diatomic curves are expressed by the
general form®’

v® (R) = ZAZB

ch)’ , ™)
where Za and Zp denote the nuclear charges of atoms A and B,
and the Cy’s are expansion coefficients; the y coordinate is herein
defined as a linear combination of R-dependent basis functions®”
[see Eq. (9)]. In turn, V® in Eq. (6) is represented via CHIPR’s
three;bgd}( model which for AB,-type species assumes the simplified
form™"°

VOR) =3 Gy 0 + 5D ] )
ij, k=0
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In the above equation, C;; are expansion coefficients of a L"-degree
polynomial, and the y,’s (p = 1,2,3) are (transformed) coordinates.
These latter are expressed in terms of distributed-origin contracted
basis sets’’

M-1
o= (Seestd) +onel ©
a=1
where
Bha = sech| bpa(Rp~R}z) | (10)
and
tanh(1R,)1° -
¢1E,21\]/[ = I:]E;p)] sech[fp‘M(Rp—Rp,,i)] (11)

are primitive bases with origin at R and the &’s are non-linear
parameters. All steps involved in the calibration of Egs. (7)-(11)
using ab initio data points are fully described in Refs. 36 and 37,
with the reader being addressed to them for further details. Note
that, to obtain the global analytic form of the PES [Eq. (6)], we
herein employ the newly developed CHIPR-4.0 program.”’” With
this code, the final CHIPR diatomic potentials of C; and SiC
[Eq. (7)] were calibrated using MR/CBS points with rmsd’s of
1.1 and 0.3 cm™, respectively. For completeness, they are plotted
in Fig. SI. As for the three-body term, all 3682 ab initio dual-
level CC/MR CBS points could be least-squares fitted to Eq. (8)
with chemical accuracy (rmsd =0.9 kcal mol™'). The weights
(W) so employed were: W =1 for calculated points with energies
E <50 kcal mol™" above the global Cy, minimum, W =0.7 for
those within the interval 50 < E/kcal mol™ <135, and W = 0.2 for
geometries with E > 135 kcal mol™! above ¢-SiC,. Our fit involves
a total of 180 linear coefficients in the polynomial expansion
[L =11 in Eq. (8)]; see Tables S1-S4 of the supplementary mate-
rial to access the numerical coefficients of all parameters resulting
from the fit. Figure S2 also portrays some representative cuts of the
final analytic CHIPR potential [Eq. (6)] alongside the correspond-
ing ab initio ones. Table I displays the stratified rmsd, while Fig. 2

TABLE |. Stratified root-mean-square deviations (in kcal mol~") of the final PES.

d

Energy’ NG Max. dev. rmsd Normsd'
50 804 1.5 0.2 156
100 1102 3.0 0.3 179
150 2088 3.5 0.5 249
200 2723 5.0 0.8 453
250 3430 5.1 0.9 588
500 3578 5.1 09 658
1200 3682 5.1 09 680

*The units of energy are kcal mol™'. Energy strata defined with respect to the C,,
absolute minimum of SiC,: —364.993 433 E;, at CCSD(T)/CBS level. Its relative energy
(as predicted from the PES with respect to the infinitely separated C + C + Si atoms) is
~0.474269 E,.

"Number of calculated points up to indicated energy range.

“Maximum deviation up to indicated energy range.

dNumber of calculated points with an energy deviation larger than the rmsd.
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FIG. 2. Scatter plot of deviations between fitted [using the CHIPR model function
of Eq. (6)] and calculated ab initio energies as a function of the total energy. In the
x axis, the zero is set relative to the C,, global minimum of SiC,. Points fitted with
chemical accuracy (|deviation| < 1 kcal mol~") are represented in red.

shows the distribution of errors of the fitted dataset. Accordingly,
we note that ~82% of the data are herein fitted with 0.9 kcal mol™
accuracy. Moreover, Fig. 2 indicates that most of the calculated
grid points (95% of the total population) are primarily distributed
within the 300 kcal mol™' range above ¢-SiC,, hence approximately
spanning the energy interval of up to its complete atomization’**’
(if we consider the atom + diatom geometries utilized to calibrate the
diatomic curves). The high-energy points, particularly those within
300 < E/kcal mol™" < 1200 (see Table I and Fig. 2), are character-
ized by short CC and/or SiC bond distances which, despite carrying
lower weights in the least-squares fitting procedure (see above), are
shown to be important to properly model the repulsive walls of the
global potential, preventing the three-body term [V® in Eq. (6)]
from attaining large negative values at these regions.

In relation to our combined CC/MR protocol, we should men-
tion that, despite being extrapolated to the CBS limit, the two
ab initio theories unavoidably diverge, especially at long distances;
a prototypical case is illustrated in Fig. 1. This latter is clearly
due to the single-reference CC which is not expected to properly
describe dissociation.”” These CC points, whenever present, were
eliminated from the fit, warranting a smooth transition between
the two datasets and the lowest rmsd; see Figs. 1 and S2. In the
valence region, correlation energy differences between CC and MR
also exist (even at CBS limit) but are less evident (Fig. 1), showing
the smallest deviations near the global minimum; for example, at
¢-SiC,, the CC/CBS and MR/CBS total energies differ by ~71 uEh,
a value that compares quite well with the corresponding estimate of
~11 pEh calculated using CCSD(T)-F12b/VQZ-F12 and MRCI(Q)-
F12/VQZ-F12 energies. These inherent discrepancies in CC and
MR correlation energies are expected to increase when going up in
energy, likely attaining larger values at long-range distances (Fig. 1).
Note, however, that, because the low-energy part of our potential is
primarily sampled by CC/CBS points [Fig. 3(a)], we expect that the
existence of such a CC/MR seam (lying higher in energy) influences
little the final spectroscopic properties of the PES to be discussed
next.
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FIG. 3. Relaxed-triangular plot in scaled hyperspherical coordinates®® [3* and y*; see Eq. (12)] of the ground-state CHIPR PES of SiC, showing (a) the distribution of
ab initio CCSD(T)/CBS (magenta solid circles) and MRCI(Q)/CBS (gray open diamonds) calibration dataset; (b) its global topographical attributes, location of stationary
points (indicated by symbols), and isomerization pathways shown later in 1D in Fig. 6. In both plots, linear geometries lie at the border of the physical circle, while the C,,,
line connects Si + C; to ¢-SiC, to ¢-CSiC. The origin (3* = 0 and y* = 0) defines a D3, configuration and Cs structures are elsewhere. The location of all atom + diatom
dissociation channels is properly indicated. Contours are equally spaced by 0.007 Ej, starting at —0.5 Ej,. The zero of energy is set relative to the infinitely separated C + C

+ Si atoms. The corresponding 3D version of plot (b) is shown later in Fig. 8.

I1l. FEATURES OF PES

All major features of the final CHIPR PES are depicted
in Figs. 3-8. The properties of its stationary points are col-
lected in Table II wherein the most accurate results from the
literature"'>'""****! a5 well as our own ab initio CC and MR values
are also included for comparison. Note that, to allow for a complete
visualization of all topographical attributes of our global CHIPR
analytic potential, Fig. 3 shows a relaxed-triangular contour plot in
scaled hyperspherical coordinates,”’ 8 = 8/Q and y* = y/Q, where

Q 1 1 1 R
gl=1o V3 V3| |R] (12)
y 2 -1 -1 R:

and Ry, Ry, and R; are interatomic distances. Thus, by relaxing the
“size” Q of the molecule such as to give the lowest energy for a given
“shape” ( and y) of the triangle formed by the three atoms, the con-
tour plot shown in Fig. 3 is then obtained; see legend therein and
Refs. 39 and 24 for further details. The corresponding 3D version
of this plot is shown later in Fig. 8. In turn, Figs. 4 and 5 illustrate
the PES for the Si and C atoms moving around relaxed C, and SiC
fragments, respectively. They also summarize in a comprehensive
manner all predicted stationary structures from the analytic CHIPR
PES to be discussed next.

A. Valence region and spectroscopic calculations

According to Figs. 3-8, the predicted global minimum
on the ground-state singlet PES corresponds to a cyclic Cy,
geometry, c-SiCz(lAl). As Table II shows, its characteristic
bond lengths and angle are R;(Si-C) = Ry(Si-C) = 3.468 ap and

a( 2 C-Si- C) = 40.5°. These values are in excellent agreement with
the most reliable theoretical estimates due to Fortenberry et al.”’
and Koput,”!' differing by less than 0.008 a9/0.1°. Recall that these
authors include, in addition to CBS energies, contributions from
core-core/core-valence electron correlation and scalar relativistic
effects in their local PESs; Koput®! further accounts for higher-order
W -particle electron correlation beyond CCSD(T). Close agreement
is also found between the CHIPR’s ¢-SiC, data and experimental
attributes taken from the literature;"'>'"' see Table I1. Indeed, our
predicted C-C (v;) and Si-C (v;) stretching fundamentals repro-
duce exceedingly well (5 3.5 cm™) the corresponding experimental
values'® and are quite consistent with those calculated from the
JK PES (Table II). Yet, larger discrepancies (of up to 16 cm™)
are found for the large-amplitude vs fundamental associated with
the internal rotation of the C, moiety. As noted elsewhere,'®*! the
proper description of the expectedly highly anharmonic potential
along this mode [Figs. 4 and 6(a)] requires an iterative treatment
of the connected triples (T3) and quadruples (T4) correlation con-
tributions in the coupled-cluster expansion; this, however, would
make the task of calculating the global PES of SiC, computation-
ally unfeasible, even if limited to a smaller section of PES near ¢-SiC,
[Fig. 3(a)]. Indeed, the corresponding vs value reported by Koput”’
differs by less than 3 cm™" from its experimental estimate. Despite
the expected lower performance of CHIPR relative to JK in predict-
ing v3, we note that our variationally computed fundamentals for
¢-SiC; still appear to be slightly more accurate than those reported
using the CcCR QFF/VPT2 protocol,”’ even without considering
here relativistic and core-valence correlation effects; see Table I1.
To further assess the accuracy of the final CHIPR PES, we have
carried out anharmonic vibrational calculations for higher excited
modes using the DVR3D software suite®” and compared the results
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TABLE II. Structural equilibrium parameters (in valence coordinates, R; in ag, « in degrees), harmonic (w;) and fundamental (v;) frequencies (in cm=") of the stationary points
on the ground-state singlet PES of SiC,. Relative energies (AE) are in kcal mol~" and given with respect to the C,,, global minimum.

Structure Method* Ry R, o AE? wr (n1) w2 (12) w3(v3)
CC/AVQZ 3.478 3.478 40.5 0.0 1763.9 807.9 180.5
MR/AVQZ 3.488 3.488 40.6 0.0 1743.9 793.2 2232
CC/CBS" 0.0
MR/CBS” 0.0
CcCR QFF 3.460 3.460 40.5 1781.9 (1750.5) 815.1 (844.7) 201.4 (175.4)
¢-SiC, JK PES’ 3.460 3.460 40.6 0.0 1776.1 (1745.6) 812.7 (837.9) 214.6 (194.1)
CHIPR PES 3.468 3.468 40.5 0.0 1804.4 (1749.4) 823.2 (840.1) 201.6 (180.4)
Expt. 3.459°  3.459° 40.6° 0.0 1756.8' (1746.0)°  844.0' (840.6)° (196.4)°
CC/AVQZ 2.434 3.206 180.0 48 1887.9 787.4 81.9
MR/AVQZ 2.456 3.231 180.0 42 1846.3 765.7 55.7i
m CC/CBS" 5.4
, MR/CBS" 45
£-SiCC JK PES' 2425 3192 180.0 5.1 1901.4 790.5 82.6i
CHIPR PES 2.430 3.202 180.0 5.4 1893.6 783.5 102.1i
Expt. 54+06"
CC/AVQZ 3.401 3.401 180.0 131.6 947.6 707.5 177.8i
U9 MR/AVQZ 3.431 3.431 180.0 128.1 912.3 690.5 162.6i
’ CC/CBS" 132.8
-csic MR/CBS" 1292
CHIPR PES 3.409 3.409 180.0 129.2 902.8 729.2 112.9i

2This work, unless stated otherwise.

CC/CBS and MR/CBS single-point energies calculated at CHIPR PES stationary points.
“Quartic force field of Ref. 20.

d]acek Koput (JK) local PES of Ref. 21.

“Experimental equilibrium parameters reported in Ref. 20. The corresponding zero-point values are*’ Ry g = Ry = 3.463a9 and ag = 40.505°.

fExperimental harmonic frequencies taken from Ref. 18.
8Experimental fundamental frequencies taken from Ref. 15.
"Potential energy barrier determined by Ross et al.'” from experimental data.

with the experimental term energies reported by Ross et al.'® All
calculated data are gathered in Table III. Also shown for compari-
son are the corresponding values reported from the JK local PES.”!
Note that the vibrational band origins cover energies up to about
5200 cm™' (6600 cm™') above the ground-state zero-point level
(bottom of the well) of c-SiC; and excitations of up to as high as 16
quanta in v3; the approximate quantum numbers v; and v, refer to
the C-C and Si-C stretching vibrations, while v corresponds to the
antisymmetric stretching of the triangular geometry. The results pre-
sented in Table I1T show that our CHIPR PES reproduces remarkably
well the vibrational spectrum of ¢-SiC, with a rmsd of 16 cm™ (as
expected, the largest deviations are ascribed to overtones and combi-
nation bands involving v3). This is quite astounding given the global,
purely ab initio nature of the PES and is clearly an asset of the present
dual-level CC/MR protocol.” It should be stressed that such a mixed
protocol is herein devised to improve the spectroscopy of global
potentials relative to global PESs calibrated solely using MR grid
energies. Indeed, our experience shows (see, e.g., Refs. 66 and 25)
that purely MR global forms, despite accurately describing the bulk
of the PESs, do in general a relatively poor job at reproducing exper-
imental vibrational band origins of triatomics, showing rmsd’s of

~50 cm™" or even greater. We reiterate that the lower performance
of CHIPR when compared to the accurate JK local PES (see Table I1T)
is not surprising given the absence of higher-order effects in our CC
calibration data, in addition to the fact that global analytic forms
unavoidably entail larger fitting errors, even near the global mini-
mum. In turn and differently from CHIPR, the JK potential cannot
physically describe all dissociation channels and may show spuri-
ous features at regions of the PES characterized by large C-C bond
distances. Additionally, CHIPR describes by built-in the complete
atomization of the system. Considering the c-SiCy’s anharmonic
zero-point energy (1400.1 cm™") and its stabilization energy relative
to the C + C + Si atoms (—0.474 269 E}), a total atomization energy
of 293.6 kcal mol ™" is predicted from our PES. This value is in excel-
lent agreement with the best theoretical estimate of 293.1 kcal mol ™
reported by Oyedepo et al.*” using the MR-ccCA protocol® and the
early G2 result by Deutsch and Curtiss®* (294.7 kcal mol™"); the last
known experimental value is®> 301.0 + 7 kcal mol ™.

As Figs. 3(b) and 4 portray, ¢-SiC, is connected by two-
symmetry equivalent linear (Ceor,) transition states, £-SiCC('Z"),
located at R;(C-C) =2.430 ap, R,(Si-C)=3.202 ay, and

a( 2Si-C- C) = 180.0° with an imaginary frequency of 102.1 cm™".
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FIG. 4. CHIPR contour plot for a Si atom moving around a partially relaxed C, 0.19F J028 (D)
diatom (2.2 < rfay < 2.6), which lies along the x axis with the center of the bond 160 ~ - -
fixed at the origin. X and y coordinates give the position of Si with respect to the —O—= i e
origin. Linear geometries are defined by x # 0 and y = 0, while the x = 0 and 0,01 b Sl g.04
y # 0 line describes Cy,, configurations; Cs structures are elsewhere. Contours - 1201 slag
are equally spaced by 0.015 Ej, starting at —0.5 E;. The zero of energy is set S
relative to the infinitely separated C + C + Si atoms. Solid color line represents =
the minimum energy path shown in 1D in Fig. 6(a). - KD\
g 8o 2
X
S CHIPR PES
; CCICBS
The corresponding minimum energy path (MEP) calculated” from 40 I MR/CBS C
the PES is plotted in Fig. 6(a) and clearly represents the large- ¢-SIC, A ) {
amplitude nearly free pinwheel motion of C, around Si. Indeed, LCSiC —
a close look at Fig. 6(a) shows that the CHIPR form accurately 06 """""""" S FE— T S 20
reproduces the MEP at the CC/CBS level, with the corresponding slag

MR/CBS path being actually lower in energy. Suffice it to say that

such MR/CBS points are only shown therein for comparison -
they were not included in the fit as this region is only sampled by
CC/CBS points (Sec. IT A). Our best theoretical estimate (taken from

cSiC, a
ISiCC & ]
g | FCSiC

X/ =N

FIG. 5. CHIPR contour plot for a C atom moving around a partially relaxed SiC
diatom (3.0 < rfag < 4.0), which lies along the x axis with origin at its center of
mass. x and y coordinates define the position of C with respect to the origin. Con-
tours are equally spaced by 0.015 Ej, starting at —0.5 Ej,. The zero of energy is set
relative to the infinitely separated C + C + Si atoms. Solid color lines represent
the minimum energy paths shown in 1D in Figs. 6(a) and 6(b).

FIG. 6. CHIPR minimum energy paths (s are reaction coordinates in mass-scaled
a.u.) and potential energy barriers for the conversion of ¢-SiC, to (a). ¢-SiCC
and (b). ¢-CSiC configurations. Solid circles and open diamonds indicate ab initio
CCSD(T)/CBS and MRCI(Q)/CBS single-point energies calculated at the predicted
CHIPR geometries. In panel (a)., the corresponding path obtained using the Jacek
Koput (JK) local PES?" and the experimentally derived ¢-SiC; — ¢-SiCC bar-
rier reported by Ross et al.'5 are also shown for comparison. In panels (a) and
(b), MRCI(Q)/CBS and CCSD(T)/CBS points, respectively, were not included in
the fit and are only plotted for comparison. The insets display the evolution of the
coupled-cluster T4 and Dy diagnostics along the underlying paths as obtained from
CCSD(T)/AV5Z calculations.

the analytic PES) places ¢-SiCC at 5.4 kcal mol™ (1886.1 cm™!)
above ¢-SiCy, in excellent agreement with the reported value of
5.1 kcal mol™ (1781.9 cm™) by Koput.”! Most notably, our
predicted barrier to linearity is shown to match nearly perfectly
the corresponding experimental estimate of'® 5.4 + 0.6 kcal mol™
(1883 +200 cm™). These results provide compelling evidence
that, at this level, CC appears to be more reliable in describing
the ¢-SiC,/¢-SiCC region, despite lying at the threshold of single-
reference description with*** T} ~ 0.02 and D; ~ 0.05; see the inset
of Fig. 6(a). The corresponding barrier predicted at MR/CC level is
~0.9 kcalmol™! lower than the CC/CBS estimate (Table II), being
nearly coincident with the value of 4.5 kcal mol ™' reported by Koput
at MR-ACPF/cc-pV6Z level.”!

J. Chem. Phys. 157, 104301 (2022); doi: 10.1063/5.0096364
Published under an exclusive license by AIP Publishing

157, 104301-7


https://scitation.org/journal/jcp

The Journal
of Chemical Physics ARTICLE scitation.org/journalljcp

TABLE Il Calculated and observed vibrational term values (in cm=') for A notable aspect of the CHIPR PES, discussed previously in

33

oSGy ('A,). early studies,” " is the existence of an auxiliary Do, transition
state, K—CSiC(;Z*). As Table 11 shows, this linear form has char-
Calc acteristic bond lengths of R;(Si-C) = Ry(Si-C) = 3.409 ap and an
imaginary frequency of 112.9 cm™" along the bending coordinate.
V1 v2 v3 Lyib Obs' CHIPR” JK* Its connection to ¢-SiC; is perhaps best seen from the contour plots
0 0 0 A 0.0 0.0 0.0 in Figs. 3(b) and 5; see the cyan solid lines represented therein. The
0 0 N A 352.85 326.1 3496 associated isomerization pathway®’ in 1D is presented in Fig. 6(b),
0 0 4 A 605.33 5735 600.3 wherein the major topographical valence attributes of the CHIPR
0 0 6 A 314.87 7934 8092 PES across Cy, geometries can be assessed. Accordingly, E-CSiS
0 ] 0 A 840 6 840 1 8379 is predicted from our final CHIPR form to lie 129.2 kcal mol
0 0 3 A 1013.5 9976 1005.1 above ¢-SiC,. Differently from ¢-SiCC that spans a low energy region
0 0 10 A 1185.0 1179.7 1179.2 of the PES primarily sampled by CC/CBS points [Fig. 3(a)], the
0 1 N A 1264.6 1239.0 12616 description of /-CSiC and vicinities can only be accurately done at
0 0 12 A 1350.48 1347 4 1342.6 MR/CBS level. In fact, as the inset of Fig. 6(b) shows, at this region
0 0 14 A 1492.16 1490.4 1482.8 of the nuclear configuration space the predicted CC diagnostics
’ ’ ’ (e.g., T1 ~ 0.11 and D ~ 0.27 halfway through the MEP) far exceed
0 ! 4 A 15267 15219 15490 the accepted limiting values: T < 0.02," Dy £ 0.05, thus clearl
0 0 16 A 16140 1625.5 1609.3 aceepred Tnitng varues: 15 A s T, s ceary
0 ) 0 A 1667 8 16677 16652 entailing a multi-reference approach. This is explained by the pres-
1 0 0 A 1746.0 1749 4 1745.6 ence of several low-lying excited electronic states in this region, as
1 0 ) A 2078.0 20549 2075.1 Fig. S3(a) illustrates. Indeed, Fig. 6(b) evinces that the CHIPR form
] 0 4 A 23001 2297 4 23188 mimics excellently well the ab initio MR/CBS data, with the pre-
0 3 0 A 24657 2450.3 2460 4 dicted barrier to linearity matching exactly the one calculated at this
1 0 6 A 25390 25216 25307 level (Table IT). We further note that, in Fig. 6(b), the CC/CBS data
1 1 0 A 25792 2588.8 2580.0 shown are only plotted for comparison; they were not included in
] 0 3 A 27350 27336 27326 the calibration dataset as this high-energy valence region of the PES
1 0 10 A 29180 29249 2916.1 (with s < 15 ag) is sampled solely by MR/CBS calculations.
0 4 0 Ay 3303.0 32924 3303.8 B. Proof of concept: Long-range region
1 2 0 Ay 3406.6 3414.9 3405.6 and reaction dynamics calculations
; (1) g ﬁi i;ggg Zggi; Z;g;; Apart from accurately modeling the valence (strongly bound)
5 5 0 A 51 22'0 51 25' 0 512 O. 6 chemical space, the contour plots shown in Figs. 3-5 evidently
3 0 0 A 516 4' 0 5155'5 516 3' 4 pinpoint the reliability of the CHIPR form to describe long-range
0 0 1 B, 1o 6. 37 18 0' 1 1o 4' ] and dissociation features of the SiC; PES, in addition to natu-
0 0 3 B, 4 87: 5 45 4: 9 48 2: 6 rally reflect its correct permutational symmetry. This is clearly an
0 0 5 B 717.6 686.7 709.7
0 1 1 B 917.7 898.0 910.4 250
0 0 7 B, 1072.2 1060.7 1070.1 =
0 0 9 B, 1107.3 1094.8 1100.1 ‘\9_ +
0 1 3 B 12710 1266.1 1262.8 20
0 0 11 B 14120 1385.5 1404.8 - —o + (o)
0 0o 13 By 14365 1425.7 1429.7 S 150k '
0 1 5 B, 1558.0 1561.0 1550.2 S
0 0 15 B, 1689.6 1686.1 1677.6 E
0 1 7 B, 1883.0 1879.9 1877.6 x 100 ¢-SiC,
1 0 1 B, 1925.0 1917.5 1928.3 = (2
0 2 1 B 1955.0 1941.3 1955.6 sl _ 7{ _
1 0 3 Bl 22010 2179.3 2202.7 Lcesi Lsice
1 0 5 By 24300 2421.7 2428.8 ——(c _ (e p——
1 0 7 B, 2627.0 2628.8 2634.2 0 ‘ © e, e
-9 -6 -3 0 3 6 9
rmsd® 16.0 53 reaction coordinate

FIG. 7. 1D cut of the CHIPR PES along the minimum energy path connecting
C, + Siand SiC + C via SiC, intermediates. Black dashed lines mark the associ-
ated energies of the infinitely separated atom + diatom fragments. The a, b, and ¢
labels are introduced to distinguish between the symmetry-equivalent structures.

*Experimental data from Ref. 15.

®Calculated using CHIPR PES and DVR3D.* The zero-point energy is 1400.1 cm ™.
“Jacek Koput (JK) local PES. Data from Ref. 21.

4Root-mean-square deviations with respect to experimental data.
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asset of the CHIPR formalism [namely, Eq. (8)] and is the
major deliverable of the present work. shows the calculated
MEP for the chemical conversion of C, + Si to SiC + C that pro-
ceeds via SiC, intermediates. Accordingly, both forward and reverse
collision processes evolve without activation barriers for collinear
atom-diatom approaches, leading directly to the formation of ¢-
SiCC. This structure is subsequently converted to ¢c-SiC, by way of
low-energy (nearly free) C, internal rotations [ ]; the stabi-
lization energy of the c-SiC, complex is predicted to be ~—154.1 and
~195.4 kcal mol ™! relative to the infinitely separated C; + Siand SiC
+ C fragments, respectively, this former being quite close to the value
of —152.9 kcal mol™" reported by Nielsen et al.'® based on high-level
focal point thermochemical analyses. Indeed, as shows, the

FIG. 8. Relaxed 3D hyperspherical plots [see also ] of the CHIPR PES
of SiCy("A’) showing the time evolution (in coordinate space) of sample reac-
tive quasi-classical trajectories (solid white lines) calculated using the VENUS96C
codef? for Si(®P)+Cy(a°Il,) —SiC(XII)+C(3P) with distinct initial condi-
tions: (a) vibrationally excited C,(v = 11) and collision energy of 1.0 kcal mol~"!
and (b) ground-state C; and collision energy of 42.0 kcal mol~". Stationary points
and coordinates as in . The zero of energy is set relative to the infinitely
separated C + C + Si atoms.

ARTICLE scitation.org/journalljcp

Cz + Si — SiC + C reaction is highly endothermic (40.4 kcal mol ™",
including the zero-point energies of the reactants and products)
which makes this process feasible only in high-temperature environ-
ments, e.g., in the inner envelopes surrounding (late-type) carbon-
rich stars, hence conceivably playing therein a key role in the
formation of gas-phase SiC, and consequently solid SiC dust. Ini-
tial assessments indicate that, in order to effectively initiate such a
reaction, C; must be initially pumped® to higher vibrational states
(up to at least v = 10-11) or collide with a high-energy Si atom,
with relative translational energies of the order of ~ 41 kcal mol™
or higher; see, e.g., . These conditions can be fulfilled within
the inner layers of the circumstellar shells of evolved C-stars (e.g.,
IRC + 10216) characterized by temperatures of ~1000 to 3000 K or
higher and where C, (X Iy+, aSHu) and other silicon-carbon species
are known to be particularly conspicuous.'” To further assess the
reliability of such a reaction, we have run preliminary quasi-classical
trajectory (QCT) calculations on the CHIPR PES using a locally
modified version of the VENUS96C code;* for a thorough descrip-
tion of the methodology here utilized, see Ref. 71 and Table S5.
At the high-temperature regime considered (2000 < T/K < 5000),
the calculated thermal rate coefficients for C; + Si — SiC + C can be
accurately represented by the Arrhenius-Kooij formula

k(T) :A(TZ;O)B exp(_—TC), (13)

where A = 1.22582 x 1071° cm® molecule ' s7', B = —0.161 897, and
C =20305.15 K. This is plotted in , together with the calculated
QCT data which are numerically defined in Table S5. Accord-
ingly, the theoretically predicted rate constants for C, + Si — SiC +
C show a positive temperature dependence, increasing steeply from
T = 3000 K. This provides compelling evidence for its relevance in
the gas-phase synthesis of SiC and related solid SiC dust forma-
tion in the innermost envelopes of C-stars.”” Further investigations

g
=]

C,(v,j)+Si—SiC+C

-
[S2]
T

k(T), Eq. (13)

k(T)l10'12 cm® molecule’ s’

1.0
QCT v, —o—
|
0.9 [ ] L 0 ‘ :
000 2000 3000 4000 5000

temperature/K

FIG. 9. Calculated rate constants and associated error bars for the Si(*P)
+Cy(a°1I,) - SiC(X°I)+C(°P) reaction within the temperature range of
2000 < T/K < 5000. The lines show the predicted QCT thermally averaged
results from Eq. (13). For clarity, the QCT results are shown with 99.6% (3c)
error bars.
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in this direction are in order and a detailed account of the over-
all C; + Si - SiC + C dynamics and kinetics undoubtedly requires
a careful assessment of the possible contributions of other excited-
states PESs correlating to the same reactant/product channels; this is
clearly beyond the scope of our present preliminary analysis and will
be the focus of future studies. Also of relevance is the reverse (bar-
rierless and exothermic) SiC + C — C; + Si reaction (Fig. 7) which,
differently from C; + Si — SiC + C, surely occurs at cold and ultra-
cold temperatures, hence dominated by long-range forces; indeed,
the expected high reactivity of SiC with”* atomic C and O at low
T's may help explain the lack of SiC detections in cold interstellar
environments.””

IV. CONCLUSIONS

We report the first global PES for ground-state SiC, (' A”) based
on CBS extrapolated ab initio energies and the CHIPR method
for the analytical modeling. By relying on a mixed CCSD(T) and
MRCI(Q) protocol, we ensure that the final potential recovers much
of the spectroscopy of its cyclic global minimum, while still per-
mitting an accurate description of isomerization and fragmentation
processes, all with the correct permutational symmetry as naturally
warranted by CHIPR. Bound-state calculations performed anew
have shown that the present purely ab initio CHIPR PES is capa-
ble of reproducing the experimental vibrational spectrum of cyclic
SiC, with a rmsd of 16 cm ™. Despite not outperforming the spectro-
scopic quality of the most accurate local PES to date,”’ our proposed
dual-level CCSD(T)/MRCI(Q) CBS protocol is expected to improve
the spectroscopy of global ground-state PESs when compared with
purely MRCI(Q)-based global forms. Further improvements can
be so envisaged by either fine-tuning the theoretically predicted
potential parameters with input experimental information®’® or
morphing the original global form with a spectroscopically accurate
local potential.”® Aside from anharmonic vibrational calculations,
the global nature of our CHIPR PES is further exploited by per-
forming preliminary quasi-classical trajectory calculations for the
C; + Si = SiC + C endothermic reaction. The calculated thermal
rate coefficients within the temperature range of 2000 < T/K < 5000
hint for its prominence in the gas-phase synthesis of SiC and, pre-
sumably, SiC dust formation in the inner envelopes surrounding
carbon-rich stars.'”"”

SUPPLEMENTARY MATERIAL

See the supplementary material to assess the performance of the
PES alongside ab initio grid data, the numerical coefficients of the
final CHIPR analytic form, as well as the calculated QCT reaction
rate coefficients.
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