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1. Introduction

Single-photon ionization of SiC in the gas phase:
experimental and ab initio characterization of

SiC*
B. Gans,
S. Hartweg,

*3 J. Liévin,® P. Halvick, @2 ¢ N. L. Chen, 22 S. Boyé-Péronne, (2°

19 G. A. Garcia® 9 and J.-C. Loison°¢

We report the first experimental observation of single-photon ionization transitions of the SiC radical
between 8.0 and 11.0 eV performed on the DESIRS beamline at the SOLEIL synchrotron facility. The SiC
radical, very difficult to synthesize in the gas phase, was produced through chemical reactions between
CH, (x = 0-3) and SiH, (y = 0-3) in a continuous microwave discharge flow tube, the CH, and SiH, spe-
cies being formed by successive hydrogen-atom abstractions induced by fluorine atoms on methane
and silane, respectively. Mass-selected ion yield and photoelectron spectra were recorded as a function
of photon energy using a double imaging photoelectron/photoion coincidence spectrometer. The
photoelectron spectrum enables the first direct experimental determinations of the X* 4~ « X °II and
1" 2[1 « X °II adiabatic ionization energies of SiC (8.978(10) eV and 10.216(24) eV, respectively). Calcu-
lated spectra based on Franck—Condon factors are compared with the experimental spectra. These
spectra were obtained by solving the rovibrational Hamiltonian, using the potential energy curves calcu-
lated at the multireference single and double configuration interaction level with Davidson correction
(MRCI + Q) and the aug-cc-pV5Z basis set. MRCI + Q calculations including the core and core-valence
electron correlation were performed using the aug-cc-pCV6Z basis set to predict the spectroscopic
properties of the six lowest electronic states of SiC*. Complete basis set extrapolations and relativistic
energy corrections were also included in the determination of the energy differences characterizing the
photoionization process. Using our experimental and theoretical results, we derived semi-experimental
values for the five lowest ionization energies of SiC.

evolved stars such as IRC +10.216." However, although the
detection of the 11.3 pm emission feature commonly observed

In addition to its significance in semi-conductor physics,
silicon carbide (SiC) is supposed to be a key species in inter-
stellar media. For instance, SiC would be the main dust species,
with amorphous carbon grains, in a cool atmosphere of the
C-rich asymptotic giant branch (AGB) stars.>* As a matter of fact,
it was detected in the circumstellar envelopes of carbon-rich
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in AGB stars is attributed to the presence of SiC dustgrains,’
this transition has never been observed in the interstellar
medium (ISM). The possible destruction of SiC (molecules or
clusters) has been proposed,® but the responsible mechanisms
remain an open question. A potentially efficient process for
SiC destruction is photoionization since SiC" and ionized SiC
clusters are much more reactive than neutral species.” Up to
now, only two spectrometric studies using electron impact
ionization have been performed in the 60’s, probably because
its gas-phase production is a challenge. The derived experi-
mental ionization potential (IP) of SiC is very approximate
(9.2 £ 0.4 eV’ and 9.0 eV® with probably large error bars). The
most accurate IP value in the literature seems to be the
one derived from the Active Thermochemical Tables,® 8.930 =+
0.035 eV, based on several standard composite calculations. To
our knowledge, almost no spectroscopic information on SiC" is
available in the literature except in a few theoretical papers.'®"'"
Indeed, when carborundum (crystalline SiC) is heated or
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vaporized by a pulsed Nd-YAG laser, the major constituents of
the vapor are Si, SiC,, Si,C but very few SiC.'* In this work, we
have used a radical source based on a microwave discharge
flow-tube reactor coupled with the SAPHIRS setup of the
DESIRS beamline (SOLEIL synchrotron)"*™° to chemically pro-
duce SiC in the gas phase. The source is based on the reaction
of fluorine atoms (F) with a mixture of methane (CH,) and
silane (SiH,). We were able to produce a significant amount
of C, CH, Si and SiH, and then SiC likely through Si + CH and
C + SiH reactions. Using a double imaging photoelectron/
photoion coincidence (i’PEPICO) spectrometer providing
mass-selectivity, we succeeded in measuring for the first time
the ion yield and photoelectron spectra of the SiC radical
following a single photon excitation with VUV (vacuum ultra
violet) synchrotron radiation. The photoelectron spectrum of
the SiC radical has been analyzed through Franck-Condon
factor calculations based on the low-lying electronic potential
energy curves of SiC and SiC" obtained in this work by means of
large-scale ab initio calculations. The two lowest electronic
states of SiC and the six lowest electronic states of SiC”,
potentially contributing to the observed photoionization spec-
tra, are included in these calculations. The first two *II states of
SiC*, which are known to be strongly perturbed by their avoided
crossing,'”"” cannot be described by the simple harmonic
oscillator model to perform Franck-Condon simulations. We
have therefore computed and diagonalized the Hamiltonian
matrices representing SiC and SiC" vibrational motions and
calculated the Franck-Condon factors from the obtained wave
functions. Such anharmonic calculations were carried out for
all states of SiC and SiC’. The equilibrium properties (bond
length, rotational and vibrational constants) have been pre-
dicted to help further spectroscopic studies. The term energies
of the excited states of SiC" and the corresponding ionization
energies have been computed at a high level of ab initio theory
including core-core and core-valence correlation energies,
complete basis set extrapolations and relativistic corrections.
These results are compared with the corresponding experi-
mental results and with previous calculations.'®'""7~>!

2. Methodologies
2.1 Experimental details

The experiments were performed at the SOLEIL French syn-
chrotron facility on the DESIRS beamline®® and have been
described in detail previously.*>** SiH, (1 x 10"® molecules
em ?) and CH, (1 x 10 molecules cm™?) seeded in helium
carrier gas (2:1000) were introduced into the flow-tube reactor
(total pressure of 4 x 10~ mbar) to react with the F atoms
(around 2 x 10" atoms cm™?) produced upstream by a micro-
wave discharge on F,. F atoms react with CH, and SiH, along
successive H-atom abstraction reactions to generate a series of
CH, (x = 0-3) and SiH, (y = 0-3) radicals. By adjusting the
experimental conditions such as the concentration of the
F atom, gas flows or injector distance, the production of
SiCH,, radicals (n = 0-4), including SiC radicals, was optimized
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Fig. 1 PES matrix of the 2°SiC radical (m/z = 40): photoelectron signal
(color scale detailed above the figure) as a function of photon energy
(horizontal axis) and the photoelectron kinetic energy (left vertical axis).
The corresponding ion yield (white line) is depicted on top of the image
with the same horizontal axis and its own vertical axis (right vertical axis).

considering the compromise between selectivity and quantity.
The flow-tube gas mixture was twice skimmed before arriving in
the interaction chamber (pressure of 2 x 10~ mbar) and
crossing at a right angle the monochromatized synchrotron
radiation in the center of the double imaging photoelectron/
photoion spectrometer DELICIOUS3." The photon resolution
in the 8-11 eV energy range was about 81 = 2.16 A corres-
ponding to 8E from 11 to 21 meV. The photoions and the
photoelectrons were extracted by a 88.7 V ecm™ "' DC field
in opposite directions and detected by two VMI (velocity-
map-imaging) detectors. The signals acquired along the
measurement were corrected by the photon flux evolution
independently recorded on a Si photodiode (AXUV, IRD). The
coincidence scheme led to ion-mass filtered photoelectron
images which were then Abel inverted to extract the mass-
selected photoelectron spectra (PES), recorded in our case for
the SiC radical (see Fig. 1).

The **SiC signal was thus recorded as a function of electron
kinetic and photon energy from which the slow photoelectron
spectrum (SPES) was extracted following previously published
methodology.">** The SPES electron resolution for an electron
bandwidth of 70 meV was measured at 22 meV at 7.4 eV using
the Si('D) — Si* (*P) atom ionization transitions, which gives a
total energy resolution of 26 meV at 9 eV when convolved with
the photon resolution. The calibration of the energy scale was
achieved with an absolute accuracy of +£4 meV using the Si
(si('D) — Si* (°P) and Si(*P) — Si* (°P)) and CH; ionization
transitions along with the third order ionization of the He
atom. Note that the 88.7 V em ™" extraction field leads to a field-
induced downshift of the ionization energies of approximately
7 meV.”

Concerning the chemistry occurring in the radical source,
the mass spectrum reported in Fig. 2 is an integrated mass
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Fig. 2 Integrated mass spectrum over the 8-11 eV energy range. The

observed compounds are assigned with the combs and the vertical dashed
lines (main isotopologues only with *2C and 28Si). The remaining weak
peaks are the isotopologues of the assigned species evidencing the natural
abundances of the carbon and silicon isotopes (mainly **C, 2°Si, and 3°Si).

spectrum over the 8-11 eV photon energy for the SiH, + CH, + F
scheme and exhibits the composition of the reactor. The most
intense peaks in this mass spectrum correspond to SiH,'(y = 0-
3), SiFH," (z = 0-3), and CH;". We can also see weaker peaks,
indicating the production of CH," (x = 1-2), Si,H,," (m = 0-4)
and SiCH,,"(n = 0-4) compounds. The latter ones are induced by
the presence of both SiH,(y = 0-3) and CH,(x = 0-3) radicals in
the reactor. In Fig. 2, the production of SiC is much lower than
the other SiCH,-, , compounds. Among the CH, species, the
CH; radical is clearly the major species and we suspect that
SiH, + CHj; reactions lead to the SiCH, (n = 2-4) + H channels
but not to the production of SiC or SiCH. Nevertheless, all the
species produced by the radical source and the remaining
precursors will not interfere with the study of SiC in this work,
thanks to the mass selectivity of the coincidence detection
technique. It is worth pointing out that the complex chemistry,
which leads to the production of SiC, results in a large number
of different side products as illustrated in Fig. 2.

2.2 Ab initio calculations

The ab initio calculations have been carried out using the
MOLPRO suite of programs>®>® using the internally contracted
multireference configuration interaction method (MRCI),>
with energies corrected by the Davidson unlinked clusters
contribution (MRCI+Q).*° The molecular orbitals (MOs) were
optimized by means of complete active space self-consistent
field (CASSCF) calculations® using two different active spaces
(ASs) also adopted in the MRCI calculations.
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In the first AS, the five low-lying MOs (four ¢ and one =)
correlating to 1s, 2s and 2p of silicon and 1s of carbon are kept
closed, and 8 active electrons (7 for SiC*) are distributed in the
six valence MOs (four ¢ and two 7). This AS corresponding
to the usual frozen core approximation will be referred to
below as V, meaning that all valence electrons are correlated.
The aug-cc-pV5Z basis set (AV5Z for short) has been used in all
V calculations.*™*

The second AS adds the core-core and core-valence correla-
tion energies arising from the outer core of silicon (2s and 2p)
and from the 1s orbital of carbon. The 1s inner core orbital of
silicon, lying too deep to interact appreciably with the valence
shells, has been kept frozen. This AS will be referred below to as
CV, meaning that it correlates both core and valence electrons.
Such calculations use the aug-cc-pCV6Z basis set (ACV6Z for
short), optimized for the description of both core and valence
correlation.’®” CV calculations are, of course, more expensive
computationally than the V ones, with a factor of 180 in the size
of the MRCI configuration spaces and a factor of 100 in the
corresponding computing times. V/AV5Z was used for calculat-
ing the potential energy curves (PECs) over a wide range
of internuclear distances from 1 to 4 A and with a tight grid
of 0.01 A, allowing the description of excited vibrational
levels and the Franck-Condon simulation. On the other hand,
CV/ACV6Z calculations were performed over a more restricted
range of 0.5 A around the equilibrium geometries to predict
equilibrium spectroscopic properties and characteristic energy
differences.

The equilibrium properties of all states (re, Be, 0, ®e, and
weXe) were calculated from a Dunham 8th order polynomial
fit of the calculated PECs, using the DIATOMIC code in
MOLPRO. The electric dipole moment at equilibrium u. has
also been calculated as the expected value of the dipole
moment operator, using the center of mass as the origin of
the coordinate system.

The terms energies of the excited electronic states and the
adiabatic ionization energies have been obtained from the differ-
ence of energies extrapolated to the complete basis set (CBS)
limits of the ACVnZ basis set series (n = Q, 5, and 6).>>***>7% This
extrapolation has been carried out at the ACV6Z equilibrium
geometry of each electronic state. The CASSCF (Ecasscr) and
dynamical correlation (Ecorr = Emrcrq — Ecasscr) CBS energies
were obtained using the Ecassce(CBS) + A X exp(—B x n) and
Ecor(CBS) + C x n? functionals, respectively.*® The contributions
of the scalar relativity (SR) and the spin-orbit (SO) coupling to the
characteristic energies have also been evaluated, the former by
means of the exact two-component relativistic Fock operator*®*!
using the ACV6Z-X2C basis set,”” and the latter by a diagonaliza-
tion of the full Breit-Pauli spin-orbit Hamiltonian in the zeroth-
order A-S basis set of the MRCI eigenfunctions.** All electronic
states correlating to the first dissociation limits of SiC and SiC"
were involved in this basis set, i.e. two ", one =™, two I1, and one
A states of singlet, triplet and quintet spin species for SiC, and one
', two X7, two I, and one A states of doublet and quartet spin
species for SiC". Indirect SO coupling being found to be small at
the equilibrium geometry of all calculated states, there was no
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need for adding higher zeroth order states in the SO calculation.
In order to improve the accuracy of the zeroth-order energies, the
MRCI + Q energies were used on the diagonal of the SO matrix.
Vibrational zero point energy (ZPE) corrections were calculated
using the Dunham o, and wexX, values.

2.3 Simulation of the photoelectron spectrum

For all the electronic states of SiC and SiC' that have been
calculated ab initio, the radial nuclear Hamiltonian, including
both the MRCI+Q/AV5Z potential and the centrifugal potential,
has been represented in a discrete variable representation
based on 201 imaginary exponential functions®® in the interval
1.06-3.17 A of the radial coordinate. This allowed to compute
the 20 lowest vibrational energies with an accuracy better than
10> cm™ . Neither the spin nor the electronic angular momen-
tum has been considered in this calculation. For each electro-
nic state, all rovibrational energies and vibrational wave
functions with 0 < v < 9and 0 < N < 29 have been calculated,
except for the 1" *IT state where more wave functions have been
calculated, namely 0 < v < 19, the vibrational energy spacings
being much smaller for this state. Since all the vibrational wave
functions were expanded in the same orthonormal basis set,
the overlap integrals were then easily calculated using dot
products and then squared to give Franck-Condon factors.
Computing the radial part of the rovibrational functions
allowed us to include the centrifugal effect in the Franck-
Condon factors. However, applying the selection rules on
rotational transitions implies to take into account the cou-
plings of the rotational angular momentum with the electronic
spin, the electronic angular momentum, and the angular
momentum of the ejected electron. Since all these angular
momenta have been neglected in the present work, we shifted
towards a simple and rough approximation. Only the rotational
transitions with |[AN| < 5 were included in the calculations of
the Franck-Condon factors. The simulated spectra were
obtained by specifying the rovibrational levels of SiC for
selected vibrational and rotational temperatures, and the tran-
sition intensities were convolved with a Gaussian function to
account for the experimental resolution.

The adiabatic transition energies obtained by the CBS
extrapolations corrected from the ZPE were used to fix the
energy of the origin bands (v' = 0 < v = 0) of the calculated
spectra.

3. Results and discussion
3.1 Ab initio results

The main configurations of the electronic states calculated in
this work, i.e. the two and six lowest states of SiC and SiC",
respectively, are given below:

SiC(X *M): [...](70)"(2n)’
sic(a '="): [...](70)°(2n)*

SIC' (X" 4 ): [.. J(70)'(2n)?

This journal is © the Owner Societies 2023
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Fig. 3 Potential energy curves of SiC (lower part of the figure) and SiC*
(upper part of the figure) computed at the MRCI + Q/AV5Z level of theory.

SiC*(1" %A, 17227, 17229 [

. ]70)'(2n)?

Sic*(1* *M, 2* *I0): [.. .J(70)*(2n)"/[. . .J(70)°(2n)?

where [...] stands for (16)%(26)*(30)*(40)*(1n)*(50)*(60)>. The
potential energy curves of all these states, computed at the
MRCI + Q/AV5Z level as a function of the Si-C bond length,
R(Si-C), are shown in Fig. 3.

The double-well in the PEC of the lowest *II state of SiC*
results from the avoided crossing occurring with the second *IT
state. Both states are described by a mixing of the two electronic
configurations given above, and a two-state averaged CASSCF
calculation has been performed to obtain the corresponding
PECs. A more detailed discussion about the double-well shape
and its consequences on the spectrum is proposed in the ESL.¥
We also point out the multireference character of the a ‘X" state
of SiC, which required a state-averaged CASSCF orbital optimi-
zation involving the three lowest 'S" states to converge its
equilibrium properties.

The spectroscopic properties at equilibrium (7e, Be, tte, e,
and wex.) derived from the calculated PECs are given in Table 1.
The second anharmonic constants we)., also provided by the
Dunham analysis, are not reported because they are found to be
small (<5 x 10"% cm™ ") and subject to numerical uncertainty.
Also note that the rovibrational properties are not provided for
the pair of II states of SiC* perturbed by the avoided crossing
in the region of the minima, which prevents the use of the
standard Dunham analysis. We refer to the next section for a

Phys. Chem. Chem. Phys., 2023, 25, 23568-23578 | 23571
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Table 1 Equilibrium spectroscopic properties of the low-lying electronic states of SiC and SiC* from ab initio calculations

Ref.” relA BeJJem ™! 10%0/em™t  wedem™t  wex/em ' pe/D AEso’/em™?
SiC
X °1 AV5Z 1.7269 0.67311 5.608 957.29 5.92 —1.450 74.5(2,07)
ACV6Z  1.7176 0.68042 5.584 970.16 5.78 —1.230
Exp.**  1.7182 0.67976 5.38 965.16 5.910
Cale.”®  1.7187 0.67963 5.661 965.79 6.04 72.4 (2, 0+)
Cale.”®  1.7187 0.6796 5.580 967.21 5.72
Cale.V’ 1.726 954 -1.62 100 (2, 0+)
aly” AV5Z 1.6604 0.72811 7.265 1016.37  10.09 —2.130
ACV6Z  1.6483 0.73882 6.959 1043.08  9.28 —2.108
Cale.”  1.6546 0.73311 7.82 1008.45  11.76
Cale.?’  1.6551 0.73285 8.296 1006.94  13.05
Cale.'”  1.68 975 —2.14
Sic*
X" 4T AV5Z 1.8190 0.60666 5.203 837.57 5.33 —1.184 0.15 (1/2, 3/2)
ACV6Z  1.8101 0.61264 5.175 846.75 5.26 —1.037
Cale.’  1.83 817 —1.190 0.0
1" 2A AV5Z 1.8561 0.58265 6.274 752.12 6.70 —1.008 6.3 (5/2, 3/2)
ACV6Z  1.8466 0.58870 6.279 760.63 6.65 —0.810
Cale.”*  1.88 723 —0.950 87 (5/2, 3/2)
17 2[1°  AV5Z 1.7591/1.9430  0.64867/0.52383 — — — —1.689/—1.532  60.5 (3/2, 1/2)/30.3 (1/2, 3/2)
ACV6Z  1.7393/1.9283  0.66353/0.53983  — — — —1.685/—1.428
Cale.”™  1.99 — 54 (3/2, 1/2)
1*2X~ AV5Z 1.8422 0.59150 6.096 776.13 6.54 —1.527
ACV6Z  1.8323 0.59793 6.090 785.56 6.46 —1.421
Cale.’  1.86 759 —1.45
17 2%Y  AV5Z 1.8907 0.56157 7.070 678.29 7.51 —0.818
ACV6Z  1.8799 0.56800 6.984 689.67 7.35 —0.689
Cale.’*  1.91 651 —0.73
2" AV5Z 1.8498 0.58664 - — — —1.656 5.8 (3/2, 1/2)
ACV6Z  1.8544 0.58375 — — — —1.609
Cale.”'  1.87 — 30 (3/2, 1/2)

“ This work otherwise specified. AV5Z and ACV6Z refer to MRCI + Q/V and CV calculations, respectively.  The Q values of the lowest and highest
SO components, respectively, are given in parentheses.  Properties are listed for both minima of the double-well potential, with those

corresponding to the lowest energy underlined.

correct vibrational treatment of these states by diagonalization
of the rovibrational Hamiltonian.

The values of the dipole moment at equilibrium geometry,
Ue, are also provided in the Table. They correspond to the
projection of the dipole moment vector on the internuclear axis
pointing from Si to C. The negative values indicate that the
partial atomic charges decrease from Si to C, as illustrated by
the Mulliken Charges si+0.154C70.154 and Si+0'808C+0'192, Calcu_
lated for the ground states of SiC and SiC", respectively. The last
column of the Table reports the spin-orbit (SO) energy splitting
AEso at equilibrium, and the Q values of the lowest and highest
SO components.

A comparison between the V/AV5Z and CV/ACV6Z results
confirms the expected contraction of the molecular structure
with the introduction of the core electrons in the correlation
treatment. There is a shortening of the bond distances of about
0.01 A, a rise in the vibrational frequencies of about 10 ecm ™,
and a rise in the modulus of the dipole moment of 0.1-0.2 D.
More important changes are, however, observed for states
which have a strong multireference character, and for which
the core effect may act differently on the main configurations of

23572 | Phys. Chem. Chem. Phys., 2023, 25, 23568-23578

the multireference and consequently change their interaction.
This happens in the case of the double-well potential of the
lowest ’I1 state, as shown in Table 1, which reports the
equilibrium properties of both minima, those corresponding
to the lowest energy being underlined. As can be seen, the
relative stability of the minima inverts when going from AV5Z
to ACV6Z, the global minimum being the one at the larger (1.94 A)
and smaller (1.74 A) distances, respectively. This difference
changes the vibrational overlaps characterizing the 1" *IT «
X *T1 ionization and has therefore been taken into account in
the Franck-Condon simulations (see the ESIt). We also point
out the change of spin-orbit splitting along the 1" *IT curve.
The small and large distance minima are indeed charac-
terized by inverted and regular splittings, respectively. This is
explained by Hund’s rule applied to the configurations having a
dominant weight at these minima, ie. [...](70)°(2n)’ and
[...](76)*(2n)", respectively. The splitting inverts in the vicinity
of the maximum separating the two wells, where equal configu-
ration weights and a small AEgg value of 2 cm ™" are observed. A
similar splitting interconversion also happens in the 2% *I1
state, as a result of the orthogonality of the wavefunctions. The

This journal is © the Owner Societies 2023
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Table 2 Calculated adiabatic ionization energies (in eV) from the ground X ®II electronic state of SiC
IE (AV5Z)* IE (ACV6Z)* IE (CBS)® IE (CBS + SR)* IE (CBS + SR + SO) IE, (CBS + SR + SO + ZPE)°
X" 4y 8.920 8.885 8.896 8.886 8.892 8.884
1* 2A 10.101 10.078 10.098 10.088 10.093 10.080
17211 10.172 10.144 10.162 10.158 10.160 10.132
1723~ 10.262 10.235 10.253 10.243 10.248 10.237
12zt 10.581 10.551 10.570 10.561 10.566 10.549
2" 1 10.665 10.651 10.671 10.665 10.669 10.678

“ From V/AV5Z and CV/ACV6Z MRCI + Q geometry optimizations.  From CV/ACVAZ CBS limit extrapolations. © CBS results with the inclusion of

SR, SO and ZPE contributions; see the text for details.

minimum, lying in the region of equal configuration weights,
explains the small value of AEso (5.8 cm™ ). The latter result
disagrees with the value of 30 cm™' obtained by Pramanik
et al,'' probably because of a shift of the interconversion
geometry in their calculations. We also observe, for unknown
reasons, a large discrepancy for the A Egp value of the 1" *A state
(87 em™" to be compared with our smaller value of 6.3 em™").

The comparison with spectroscopic experiments is unfortu-
nately limited to the X *IT ground state of SiC,** for which there
is a good agreement with our CV results. For SiC, a comparison
can be made with previous calculations, which also introduced
the core-valence correlation, but as an additive correction. The
agreement with our results is good for the X *II state,'*2° but
some discrepancies are observed for the a '=" state.’®*" Elec-
tron core potential calculations using a medium size basis set
have also been performed on both SiC and SiC*."""” These V
calculations of lower level underestimate the strength of the
molecular bonding in both systems. Since there is no high-level
ab initio results available to date for SiC*, we recommend our
ACV6Z constants for the future spectroscopic investigation of
this cation.

Theoretical predictions of the adiabatic ionization energies
(IE) and of the term energies (7), calculated as explained in
Section 2.2, are provided in Tables 2 and 3, respectively. Both
Tables report in the first two energy columns the results of ic-
MRCI + Q geometry optimizations performed at the V/AV5Z and
CV/ACV6Z levels, respectively. The next column gives the result
of a CBS extrapolation carried out with the ACVnZ basis set
series (n = Q, 5, 6) and the following columns successively add
to the CBS values the contributions of the scalar relativity (SR)
and of the spin-orbit (SO). The last column finally introduces

the vibrational zero-point energies (ZPE) and provides v' = 0 «
v = 0 predictions (IE, and T,) to be compared to experimental
values.

The evolution of the IE values, from left to right in Table 2,
exhibits an oscillating pattern, due to positive and negative
mutually compensating contributions. The core and core-
valence correlation (difference between V and CV energies)
and the scalar relativity are enhanced in the cation by the
contraction of the electron density on the atomic cores, and
thus introduce negative contributions (in average —26 meV and
—8 meV, respectively). In contrast, the CBS, promoted in the
neutral species by the additional electron, induces positive
contributions (in average +18 meV). For the SO contributions,
we have calculated, for the states of SiC and SiC* involved in
each photoionization transition, the energy difference between
the lowest Q state and the corresponding A-S non-relativistic
state. These contributions to IE are small (in average +4 meV).
They mainly come from the A # 0 states, with the largest one
coming from the X *IT ground state of SiC. This explains why all
corrections are positive. Let us note that weak indirect SO
couplings are also taken into account for A = 0 states. Finally,
the ZPE, which is larger in SiC, decreases the IE value by 11 meV
in average, providing vibrationally corrected IE, values. For the
first ionization, our value of 8.884 eV agrees with the previously
reported experimental appearance potential (9.0-9.2 + 0.4 eV)”®
and the values obtained in this work (see Section 3.3). Previous
theoretical works provide a vertical IE value of 8.7 eV'>'® and an
adiabatic value of 8.76 eV."”

Regarding the term energies, all contributions are positive,
except those concerning the ZPE. The evolution with respect to
the level of theory is less important than for IE because it

Table 3 Calculated term energies (in cm ™) of excited electronic states of SiC and SiC* with respect to their own electronic ground state

T. (AV5Z)” T. (ACV6Z)” T (CBS)* T. (CBS + SR)* T. (CBS + SR + SO)* T, (CBS + SR + SO + ZPE)” other calc.”

sic

a'st 5107 5081 5151 5178 5216 5260 5370
1867

sic*

1" 2A 9509 9630 9691 9689 9686 9643 10278

17211 10089 10163 10213 10258 10228 10065 10681"!

122~ 10 809 10888 10945 10940 10940 10909 11498

1" 2% 13385 13437 13503 13504 13505 13426 13675

2" 21 14059 14244 14312 14341 14337 14468 14313

“ See Table 2. ” Previous calculations including SO.
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implies energy differences between states corresponding to an
equal number of electrons. The largest effect comes from the
core-valence correlation (18 meV in average), followed by the
CBS (8 meV), while the relativistic effects (SR and SO) are quite
small. The ZPE corrected values provide T, values, recom-
mended for guiding further spectroscopic studies. Values from
previous calculations including the SO contribution are given
for comparison.***7*°

3.2 SiC Photoelectron spectrum

Fig. 4(a) displays our experimental SPES spectrum (upper
grey spectrum) for the m/z = 40 channel. The photoionizing

8.0 8.5 9.0 9.5 10.0 10.5 11.0

1
N ‘\HM‘ |
AT

Av=-3-2-1012345
| s e s e e s
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b) X" 12 « XN

>
‘B
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Av=-4-3-2-101234

125" « X3 MV\JU\M

T T T T T T T T
8.0 8.5 9.0 9.5 100 105 110

energy / eV

Fig. 4 Experimental photoelectron spectrum of SiC (upper grey curve,
panel (a)) compared with our calculated spectra of the transitions from the
neutral ground electronic state (X *IT) to the X™ *Z (in black, panel (b)), 1*
2A (in blue, panel (c)), 1* 2II (in green, panel (d)), 1* 2~ (in orange, panel
(€), and 1* 2Z* (in red, panel (f)) cationic states, and with our calculated
spectra of the transitions from the lower metastable electronic state of the
neutral (a '=*) to the 1* I cationic state (in green, panel (g)). All the
spectra are normalized with respect to their maximum for clarity. For all
the calculated spectra, the depicted combs locate the Av bands involving
the lowest neutral vibrational state (ie. Av > 0 from v = 0, Av = —1 from
v=1 Av=-2fromv=2...).
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transition involving the ground states of SiC (X *II) and SiC*
(X" *£7) is unambiguously observed around 9 eV. This transi-
tion consists of several bands corresponding to the vibrational
progression and assigned by their Av value. From the positions
of the (v-v") = (1-0), (0-0), and (0-1) bands, we derive that
the vibrational fundamentals of the SiC and SiC" electronic
ground states are 940(50) cm~ " and 830(50) cm™ ', respectively.
These values are in good agreement with our ACV6Z calcula-
tions (958.60 cm ™' and 836.23 cm ', respectively, obtained
from the molecular constants of Table 1) and with the experi-
mental work on neutral SiC of Butenhoff and Rohlfing**
(953.2(2) ecm ™). In Fig. 4(a), we clearly see other transitions
around 10.2 eV.

To assign this spectrum, we have modeled the photoioniza-
tion spectra by calculating the Franck-Condon factors using
the vibrational wave functions obtained from the electronic
energy curves of the states calculated at the MRCI + Q/AV5Z
level. The calculated spectra are shown in Fig. 4(b-g), each
transition being normalized to its maximum. The rotational
temperature for the simulations was assumed equal to the
translational temperature of our beam (180 K), which can be
experimentally measured from the ion images, while the 2000 K
vibrational temperature has been chosen to best reproduce the
hot bands of the X" X~ « X *II transition. The vibrational
temperature is only indicative and is probably not well defined
in our experiment. The simulated transitions were then con-
volved with a Gaussian line shape (FWHM = 26 meV) to
simulate the observed bandwidth. The relative energy scale of
the calculated v' = 0 « v = 0 transitions has been built using
the ab initio IE(CBS + SR) adiabatic energies provided in
Table 2. We did not take the SO contributions into account,
as our experimental spectrum do not resolve the SO splitting.
In order to get the best agreement with the experimental
spectrum, we shifted by +87 meV the IE(CBS + SR) value of
the only unambiguous transition (X" « X) involving the ground
SiC(X *I) and SiC* (X" *X7) states:

IEp(X" « X) =IE(X" « X; CBS + SR) + 87 meV (1)

and for the ionization to a given excited state Y' of the cation,
we used the corresponding CBS + SR energy differences with
respect to X':

[Eq,(Y < X)=IE4(X" « X) + IE(Y" « X; CBS + SR)
— IE(X" « X; CBS + SR) 2)

Doing so, we exploit the fact that the term values of the states of
the cation (calculated for a given species) have a smaller
uncertainty than the IE values (calculated between a neutral
and a cationic species).

In Fig. 4(a), another transition can be identified using our
calculations: the one involving the 1% 2IT electronic state of
SiC" which has a particular shape due to the double-well
structure of this state. All the other transitions from the neutral
ground state depicted in Fig. 4 can, a priori, contribute to the
experimental spectrum, but an unambiguous assignment is not
possible.

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp02775a

Open Access Article. Published on 18 August 2023. Downloaded on 3/3/2026 10:30:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Transitions from the X *IT and a "X " states of SiC to the 2" *IT
state of SiC" have not been considered in our simulations
because they have negligible probabilities (see our estimations
in the ESIt).

Finally, we have to discuss about possible transitions from
the first excited state of the neutral SiC, namely a '=". Indeed,
considering the high exothermicity of the potential reaction
sequences producing SiC in our system (most likely the Si + CH
reaction and eventually Si + CH, reaction both starting from
SiH, + CH,; + F), metastable states of neutral SiC can
be populated. From the electronic configurations given in
Section 3.1, it is expected that only the SiC* (1" *I1) « SiC(a 'Z")
transition is allowed. The corresponding calculated spectrum is
presented in panel g of Fig. 4. We can see that this transition is not
present (or negligible) in the experimental spectrum. This can be
rationalized by a low population of the a ‘X" state and/or the low
ionization probability of the corresponding transition (see our
estimation in the ESIt).

Because the resolving power at the FWHM selected for this
experiment (m/Am = 650) is not sufficient to separate isobars,
we checked that neither the allene (H,CCCH,) nor the propyne
(CH; CCH), with both m/z = 40.0639 close to that of SiC equal to
m/z = 40.0962, contributed to the experimental spectrum. The
photoelectron spectra and IEs of these two molecules are well
known (IE = 9.69 eV and 10.37 eV for allene and propyne,
respectively).*>*® No notable lines are present around 9.7 eV
and thus allene is not present. Around 10.37 eV, the PES of CH;
CCH can possibly participate in some minor lines above
10.37 eV but the main features located at 10.24 eV are therefore
unambiguously assigned to SiC.

The photoelectron spectrum has been simulated consider-
ing an identical ejection probability for each electron involved
in the photoionization process and using relative probabilities
for the different ionization transitions estimated to 1.0/1.0/0.8/
0.5/0.5/0.0 for the transitions from X °IT towards the X' *X ™,
17 2A, 17 211, 17 227, 17 227, and 2" °I1 states of SiC*, respec-
tively, and to 0.1 for the transition from a 'X* towards the 1% *IT
state. As detailed in the ESI,} these probabilities, normalized to
the main X" « X ionization, take the weights of the main
configurations in the MRCI wave functions of the states of SiC
and SiC" involved in these transitions and the corresponding
spin and orbital degeneracies into account.

Despite an underestimation of the SiC* (X" *Z7) « SiC(X *II)
transition intensities, we can consider that there is a good
agreement between the experimental spectrum and the calcu-
lated spectrum shown in Fig. 5. Note that deviations from the
calculated relative intensities might exist due to continuum
resonances such as autoionizations.

3.3 IE determination

As discussed previously, we can derive two IEs from our
experimental spectrum. Indeed, only the X" *X~ « X °IT and,
to a lesser extent, the 1" *I1 « X °II transitions are clearly
identified. Thus experimentally, we can provide the spectral
position of the X" *T"(v" = 0) « X °I(v = 0) band at
8.968 eV and the maximum of the feature which includes the

This journal is © the Owner Societies 2023
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Fig. 5 Experimental photoelectron spectrum of SiC (upper grey curve)
compared with our calculated spectrum (lower purple curve). The calcu-
lated spectrum corresponds to the sum of the calculated spectra displayed
in Fig. 4 weighted by relative photoionization probabilities. See the text for
details.

1" ’TI(v" = 0) « X *I(v = 0) band (see panel d) shown in Fig. 4 at
10.236 eV. Note that this latter value does not correspond
exactly to the 0-0 transition (see panel d) of Fig. 4, which will
be taken into account in the error bar. After the Stark-induced-
shift correction (+7 meV, see Section 2.1), the corresponding IEs
are 8.975(6) eV and 10.243(20) eV, respectively. These two
values, directly extracted from our spectrum, do not take into
account the rotational structures of the bands and the SO
couplings. In this section, we propose semi-experimental values
of the 5 lowest IEs using our experimental values, our calcula-
tions, and by estimating, in simple terms, the effect of the SO
couplings.

3.3.1 IE from the “scaled” calculated spectrum. The calcu-
lated spectrum including a rotational envelop shown in Fig. 5
presents a very good agreement and thus could be used to
tentatively give the IEs of all the transitions. As a reminder (see
Section 3.2), the calculated Franck-Condon spectra have been
first set in energy using eqn (1) and (2) based on our calculated
IE (CBS + SR) values and adjusting the first ionization energy to
match the experimental spectrum. Thus, from our calculated
spectrum shown in Fig. 5 and after the Stark-shift correction,
we get:

e IE(X" T (1" = 0) « X °TI(v = 0)) = 8.973 eV,

o IE(1" ?A(v* = 0) « X °M(v = 0)) = 10.169 €V,
o IE(1* *TI(v" = 0) « X ’(v = 0)) = 10.215 €V,

e IE(1" 2 (v" = 0) « X °*TI(v = 0)) = 10.326 €V, and

e IE(1" *Z(v" = 0) « X *TI(v = 0)) = 10.637 eV.
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These semi-experimental values give reasonable estimations of
all these ionization energies.

3.3.2 SO contribution to the IEs. According to our calcula-
tions (see Table 1), and in agreement with the calculations of
Shi et al,'® the SiC ground state (X *IT) shows a fairly large
spin-orbit coupling, with a splitting into four Q states. The Q =
2 component is the most stable one, while the values of Q =1,
0" and 0~ are 36.97, 74.01 and 74.49 cm™ " higher, respectively.
Given the double degeneracy of the Q # 0 states and the quasi-
degeneracy of states with 2 = 0, the SO-splitting consists of a
triplet of doubly degenerated levels separated almost equally by
about 37 cm ™. The possible ways of formation of SiC in our
system (probably Si + CH and Si + CH,) are exothermic and do
not suggest a particular selectivity for the production of the
different spin-orbit states, which may reasonably be assumed
to be equally populated. Regarding SiC*, the ground X" X~
state has two SO-components (2 = 3/2 and 1/2) separated by
only 0.15 cm ™" (see Table 1). Applying the selection rules for
photoionization using the spin double groups®” leads to the
conclusion that all transitions from the SO states of SiC (X *IT)
to those of SiC* (X" *Z7) are obtained. Given the negligible SO-
splitting for SiC", one can thus expect photoionization proceed-
ing through the three transitions arising from the SO-levels of
SiC (X °I), separated by 37 cm ' (4.6 meV). The definition
of IE given by IUPAC is “The adiabatic ionization energy refers to
the formation of the molecular ion in its ground vibrational
state” and by extrapolation also involves the lowest spin-orbit
state. Hence, the first adiabatic IE of SiC corresponds to SiC
(X *Tg-) — SIiC* (X" *Tooyyn 7). It is therefore necessary to add
4.6 meV from the value considering a single state, ie. IE =
8.978 eV (= 8.973 + 0.0046, see the previous section). Given our
resolution, which does not allow us to resolve the rotational
structure, the structure due to the different spin-orbit states
leads to an increase in uncertainty, in particular because the
peak maximum of 0-0 transition does not necessarily corre-
spond to the transition without SO coupling. However, this
pointing inaccuracy is less than the spin-orbit separation, and
we conservatively add an uncertainty of 4 meV to the uncertain-
ties given at the beginning of Section 3.3. The same corrections
can be done for the other ionization energies. Using our calcu-
lated SO shifts for the lowest SO components in the neutral and in
the cationic states (IE(CBS + SR + SO)-IE(CBS + SR) values from
Table 2), we obtained the following corrections: 4.2 meV, 0.9 meV,
4.5 meV, and 4.7 meV for the 1" *Ap* = 0) « X *M(v = 0),
17T = 0) « X T(v=0),1"*XT (1" =0) « X°*M(v =0) and 1*
*2fv" =0) « X M(v = 0) IEs, respectively. To summarize, we got:

o IE(X" *Z1,(v" = 0) « X °II,(v = 0)) = 8.978 eV,
o IE(17 ?A5(v" = 0) « X °TI,(v = 0)) = 10.173 eV,
o IE(1" T3, (v" = 0) « X *II,(v = 0)) = 10.216 €V,
o [E(1" >Z (v = 0) « X °M,(v = 0)) = 10.331 eV, and

o IE(17 2Z],(v" = 0) « X *TI,(v = 0)) = 10.642 eV,

23576 | Phys. Chem. Chem. Phys., 2023, 25, 23568-23578
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where the subscripts of the electronic state labels are the Q
values (see Table 1).

Note that the case involving the 1" *I1 state is again peculiar
because of its double-well curve. As mentioned in Section 3.1,
the small and large distance minima are characterized by
inverted and regular SO splittings, respectively. As our
highest-level calculation (MRCI + Q/ACV6Z) seems to indicate
that the minima at short distance are the most stable, we used
the corresponding SO splitting (see Table 1).

In conclusion, all the SO corrections are mainly the result of
the SO coupling occurring in the neutral ground state (X *I1)
except for the IE of the 1" *TI;,(v" = 0) « X *II,(v = 0) transition.
Indeed, in that case, the SO corrections are similar in the neutral
and cationic states and thus their effects compensate each other.

4. Conclusions

In this article, we presented a study of SiC photoionization
combining high-level ab initio calculations and synchrotron-
based experiment performed in the gas phase. The experi-
mental photoelectron spectrum of pure SiC was measured for
the first time in the gas phase over the 8 to 11 eV range, thanks
to the coupling of a flow-tube reactor with a double imaging
electron/ion detection setup, which allows isolating the weak
signal of SiC species out of the numerous side products. The
observed structures are assigned using our calculations and
ionization energies have been derived. We have clearly identi-
fied the signature of ionization from the ground triplet state of
SiC to the low-lying states of SiC", involving its quartet ground
state, but also its four lowest doublet states. Among them is the
1" 1 state which is responsible for a band structure of peculiar
shape observed in our spectra, and which results from its
double-well potential. We have provided for the first time
semi-experimental ionization energies involving the excited
states of the cation. Although the spin-orbit was not resolved
in our spectra, we were able to integrate it, thanks to the results
of our calculations. From our tentative SO corrections on the
IEs, one can deduce that our initial experimental values (see
introduction of Section 3.3), which neglect the SO couplings,
have underestimated uncertainties. Thus, our recommended
adiabatic IE values for X" *Z~(v" = 0) « X *TI(v = 0) and the 1"
’MI(v" = 0) « X ’M(v = 0) transitions are 8.978(10) eV and
10.216(24) eV.

Another contribution of the calculations has been to char-
acterize the electronic structure of SiC" and to provide useful
data for future spectroscopic investigations of this cation.
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