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This article presents a theoretical exploration of the electronic spectra of two cobalt group monocarbide molecules,
RhC and IrC, utilizing the complete active space second-order perturbation theory (CASPT2) method. It encompasses
all the low-lying A—S and € states below 4 eV (approximately 32000 cm™'). The theoretical findings corroborate the
previously established ground states: the XZZT/Z state for RhC and the X 2A5 /2 state for IrC, alongside the closely lying first
excited state XZZZT/T Additionally, a couple of excited states observed experimentally have been reasonably assigned based
on these theoretical results, and the derived spectroscopic constants and radiative lifetimes (for RhC only) are generally
consistent with available experimental data. These theoretical insights not only deepen our understanding of the electronic
structures of RhC and IrC but also lay the groundwork for subsequent spectroscopic research on these two molecules.

Keywords: transition dipole moment, multi-reference second-order perturbation theory, spin—orbit coupling,

exact two-component relativity, radiative lifetime
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1. Introduction

Transition metal carbides are known for their exceptional
hardness and high melting points.['?) Among the carbides
of cobalt group elements, rhodium carbide (RhC) and irid-
ium carbide (IrC) have yet to be synthesized in the lab, but
theoretical predictions suggest intriguing properties. For in-
stance, the carburization of face-centered cubic Rh could pro-
duce a remarkable metallization effect,3! while zinc blende
structured IrC is anticipated to be a conductive and ductile
hard material.[*! As the simplest entities, diatomic gas-phase
RhC and IrC molecules may provide insights into the chemi-
cal bonding interactions between transition metals and carbon
atoms during physical and chemical processes. Despite some
spectroscopic investigations on RhCP~121 and IrC,!3-171 our
understanding of their electronic structures remains quite lim-
ited.

In the 1960s, Scullman’s research group conducted pio-
neering spectroscopic studies on the RhC molecule. >3 They
identified the X2X — A% and X?X — B2X transitions within
the 400-500 nm absorption spectra.l>] Following the discov-
ery of a new transition, X2X — A’II, in subsequent investiga-
tions, they renamed the earlier two transitions as X2y — B2y
and X?% — C2%, respectively.[%! Their findings indicated that
the B2X and C2X states significantly perturb each other, and
the C2X state is additionally affected by an unidentified D
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state exhibiting opposite +/— symmetry. In 1969, they re-
ported on the X>X — A’IT transition evident in both absorp-
tion and emission spectra ranging from 660 nm to 1225 nm,
and successfully measured the spectroscopic constants of the
two sub-states with Q = 3/2 and 1/2 of the A’IT state.'! In
1972, Brom and colleagues®! conducted an electron spin res-
onance (ESR) and optical spectroscopic study of RhC in neon
and argon matrices at a temperature of 4 K. Through their anal-
ysis of the ESR spectrum, they deduced the electronic config-
uration of RhC, establishing its ground state as X?X". Their
examination of the absorption spectrum, spanning 350 nm to
1050 nm, revealed several transitions from the X2X+ ground
state to the A’Tl55 1 /5, B°E" and C?L7 states, including the
identification of two new 2Xt states. In 1998, Li and Wang[lo]
conducted an experimental study on RhC, along with RhN
and RhO, utilizing anion photoelectron spectroscopy. They
successfully identified the X*X+, A*I1;, and A®II, /, states.
One year later, in 1999, Balfour et al.!''! employed a time-
filtered laser-induced fluorescence (LIF) technique to measure
the absorption and emission spectra of RhC in the range of
400-500 nm. Their findings confirmed that the previously
identified B2X* and DX~ states are actually sub-states of a
’11 state, leading them to rename these states as DIy /2 and
DI, /2, respectively; they proceeded to measure their radia-
tive lifetimes. In 2012, Gong et al.!'”) examined the infrared
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spectra of RhC in neon and argon matrices.

The early spectroscopic studies of IrC were also con-
ducted by Scullman’s research group.!!>!#1 In 1969, they iden-
tified two transitions in the absorption and emission spectra
within the range of 480-530 nm, corresponding to the up-
per states 2TI; /2 and 2, /2, With a common lower state of
2As /2.[13] In a subsequent study in 1970, they observed mul-
tiple sets of transitions in the absorption and emission spectra
between 660 nm and 850 nm, which were attributed to the
transitions E?As , — X?A; ), and X?As 5 <+ E?As 5, D*®; )5,
K2H3/2 and LZCI>7/2.[14] In 1996, Marr et al.!'! investigated
the hyperfine and Stark spectra of the X*As/,-D*®; ), sys-
tem through LIF spectroscopy. They measured the dipole mo-
ments and the electric quadrupole hyperfine interactions of
both states. Subsequently, in 2004, Cheung’s research group
examined the X*As/, — L>®7, absorption spectrum, result-
ing in the acquisition of high-precision spectroscopic con-

[16

stants for the upper state.!%! In 2009, they employed laser

ablation/reaction free jet expansion and LIF spectroscopy to
analyze the spectral band within the range of 394-520 nm.[!7]
Alongside the transitions from X?As ; to K?I13 and L*®;7 5,
they also identified and assigned several new absorption tran-
sitions to the [19.4]*T15 5, [23.0]*I13, and two = 3/2 states.

In addition to the aforementioned spectroscopic stud-
ies, the dissociation energies“S‘ZO] (refer to the citations in
Ref. [21]) and the ionization potentials[z” for RhC and IrC
were also determined. Notably, Huber and Herzberg compiled
the early spectroscopic data for RhC and IrC prior to 1977 in
their data book.[??!

In the existing literature, some theoretical studies
have also been undertaken regarding RhC[!220:21.23-311 34
IrC.[20:21,30.32-341 However, these studies primarily focus on
ground state calculations using spin-free density functional
theory (DFT). Notable exceptions include the research con-
ducted by Shim and Gingerich!*}! and Balasubramanian’s
group,>>321 who examined the low-lying electronic states of
RhC and IrC in the last century. They employed single-
reference configuration interaction and multi-reference config-
uration interaction (MRCI) methods, respectively. It is worth
noting that the effects of spin—orbit coupling (SOC) were only
considered for the experimentally observed seven €2 states of
IrC.132]

In this article, we comprehensively investigate the low-
lying A—S and € electronic states of RhC and IrC, delving
into their spectroscopic properties.

2. Theoretical method

Scalar relativistic effects are integrated using the spin-
free exact two-component (sf-X2C) Hamiltonian, >3- which
takes into account the finite size of the nuclear charge distri-
bution. The basis set utilized for carbon, rhodium and irid-

ium is ANO-R3,37-38! featuring a 4-¢ quality. All the low-
lying doublet and quartet A—S states of RhC and IrC below
32000 cm™! have been calculated using the quadratically con-
vergent SA-CASSCEF (state-averaged complete active space
self-consistent field) method. This approach maintains ad-
herence to Cy, point group symmetry and incorporates ad-
ditional constraints related to linear molecular supersymme-
try. For RhC, two additional states, [1]*X~ and [3]*A, are
also computed as their excitation energies are very close to
the upper limit. Although sextet states were also investigated,

they were found to have energies exceeding 35000 cm ™!, as

25,32

indicated by Balasubramanian et al,! 1 and are therefore

not reported in this study. Notably, their computed °X* state
of IrC, positioned around 30000 cm~!,13?1 could not be ob-
tained in this study and was therefore excluded from the final
calculations. In the literature on multi-reference calculations
of RhC and IrC, an active space of (13¢,100) is commonly

25.31-33] which accounts for all 13 valence electrons

employed, |
across 10 valence molecular orbitals derived from the C 2s2p
and Rh 4d5s (or Ir 5d6s) shells. However, in this study, we
propose an expanded active space of (13¢,130) by incorporat-
ing an additional p’ shell comprising C 3s3p and Rh 5p or Ir
6p. This adjustment allows us to account for possible excita-
tions to the Rh 5p or Ir 6p orbitals, as previously noted in the
calculations regarding IrC performed by Balasubramanian et
al.3?]

In the subsequent computations involving dynamic corre-
lation processing, we utilize CASPT2 (complete active space

39401 This approach ac-

second-order perturbation theory).!
counts for 13 valence electrons, along with the correlations of
eight semi-core electrons from Rh 4s4p, as well as 22 semi-
core electrons from Ir 4f5s5p. To address the common in-
truder state issues in CASPT2, we apply both an IPEA shift!*!]
of 0.25 a.u. and a o2-regularization*? of 0.25 a.u. simul-
taneously, ensuring that the weights of reference configura-
tions remain at 84% or higher. Following this, we construct
a second-order effective Hamiltonian for the selected roots
with the same quantum numbers A and S. After diagonal-
ization, we obtain the final energies from the RMS-CASPT?2
(rotated multi-state CASPT2) procedure!*’! and the perturba-
tively modified (PM) CASSCF wavefunctions.

The SOC effects are addressed through the state-

e.[*! In this method, the spin—orbit

interaction (SI) procedur
matrix is constructed using the PM-CASSCF wavefunctions
derived from the RMS-CASPT?2 calculations. Furthermore,
two-electron spin—orbit integrals are calculated employing the
atomic mean field integral approximation, ! while the diag-
onal elements of the spin—orbit matrix are replaced with the
corresponding RMS-CASPT?2 energies.

The SA-CASSCF method is integrated in the BDF quan-

tum chemistry software package.[*®) For the execution of
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CASCI (complete active space configuration interaction us-
ing the CIONLY keyword in the RASSCF module), RMS-
CASPT2 and SI calculations, we employ the OpenMolcas
software package.!*’*3] The interface connecting BDF and
OpenMolcas is established through SA-CASSCF wavefunc-
tions, with comprehensive details available in our recent
publication.*”) Spectroscopic constants are obtained by nu-
merically solving the one-dimensional Schrodinger equation
with Le Roy’s Level program,>°! which provides the adiabatic
excitation energy (7:), equilibrium bond length (R.), vibra-
tional frequency (@,) and rotational constant (B.). Addition-
ally, the Multiwfn3!->21 and NBO!33! programs are utilized for
analyzing the wavefunctions produced in the CASCI calcula-
tions.

3. Results and discussion
3.1. Low-lying A-S states of RhC

The potential energy curves (PECs) for the low-lying A—S
states of the RhC molecule below 32000 cm ! are illustrated

in Fig. 1. The fitted spectroscopic constants, along with the
dominant configurations, are compiled in Table 1. Addition-
ally, Table 2 presents the bond orders and natural atomic con-

figurations for these A—S states.
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Fig. 1. PECs of low-lying A-S states of RhC. The dashed line is the
PEC of [2]Z* calculated using the AVQZ basis set.

Table 1. Spectroscopic constants of A—S states of '“>Rh'2C.

A-S - 1 1 Dominant configurations at R.s
Te (em™") Re A @ (cm™") Be (cm™") a)

state lo/26/30/40/17/27/18 (> 10%)
[1]22+ 0 1.636 1016 0.5859 2210404 (73) + 2210314 (11)

Expt.b) 0 1.613 1050 0.6027
[2]22+ 23851 1.761 678 0.5002 2210314 (37) + 2201404 (17) + 2120404 (12)
[2]22',“) 21785 1.715 861 0.5336 2201404 (81)

Expt.P) 21439 1.687 928 0.5510

Expt.) 20937 1.681 911 0.5554
[1]21'1 12009 1.668 878 0.5557 2200414 (74)
[2]2H 20928 1.797 678 0.4777 2210413 (77)
(3211 22921 1.758 766 0.5005 2210413 (74)
[I]ZA 11530 1.714 904 0.5305 2220403 (74)
[2]2A 30303 1.904 762 0.4378 2200423 (67) + 2110423 (12)
[1]2<I> 18843 1.789 766 0.4885 2210413 (78)
[2]zd> 22320 1.776 776 0.4908 2210413 (77)
1 ]4Z+ 23927 1.898 862 0.4437 2210314 (69)
[1]42’ 32370 1.928 668 0.4219 2210314 (61) + 2220313 (12)
[l]“H 17059 1.759 742 0.5006 2210413 (84)
[1]4A 29464 1.865 522 0.4526 2200423 (69) + 2110423 (15)
[2]4A 29700 1.862 540 0.4536 2210314 (62) + 2211403 (13)
[3]4A 32167 1.840 644 0.4632 2211403 (33) + 2220313 (28) + 2210314 (15)
[1]4<1> 17021 1.763 735 0.4978 2210413 (83)

a)Computed at the PM-CASSCF level. 16 & 20: C 2s + Rh4ds, 30 & 40: C 2ps + Rh 55, 1w & 27: C 2p; + Rh 4dy, and 18: Rh 4dg. The
higher-lying three auxiliary active orbitals 50 and 37 are always weakly occupied.
b)Ref. [22]. ¢)Calculated using the AVQZ basis set. d>Deper'curbv:d results from Ref. [11].

The theoretical findings suggest that the ground state of
RhC is [1]2Z* (also known as X?X*), which aligns with the
findings for CoCP*! and matches the experimental results!??!
as well as the theoretical predictions made by Balasubrama-

1.1251 The calculated bond length and vibrational fre-

nian et a
quency are found to be 1.636 A and 1016 cm™', respec-
tively, compared with the experimental values of 1.613 A

and 1050 cm~!. These discrepancies are considered accept-

able, especially since the current theoretical calculations do
not account for SOC effects. Notably, the MRCI-derived bond
length of 1.552 A reported by Balasubramanian et al.!>! is
considerably shorter, likely due to limitations in the size of
their basis set and the absence of core—valence correlations
in their computations.
tronic configuration 16%26%3c¢!17*18* constitutes 73% of
the ground state, aligning qualitatively with the weight of 83%

Our findings indicate that the elec-
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reported in the literature.>>) Moreover, a secondary configura-
tion, 16220230 11327! 154, accounts for an additional 11%.
This suggests that while the ground state is predominantly in-
fluenced by a single configuration, it also exhibits some multi-
configuration characteristics.

In transition metal carbides, carbon atoms display a di-
verse range of bonding characteristics. The literature sug-
gests that in its ground state the RhC molecule possesses a
Rh=C triple bond.[>>->>! However, the effective bond order
(EBO) derived from the dominant configuration is only 2.5. In
the strongly occupied active orbitals, the bonding character-
istics are as follows: 20, 30 and 17 are classified as bond-
ing orbitals, while 10 is an anti-bonding orbital and 19 is
a non-bonding orbital. Thus, the calculation for EBO yields
(2+1+4—2)/2 =2.5. This finding is corroborated by ad-
ditional methods; for instance, Mayer’s bond order (MBO) is
measured at 2.28 and the Wiberg bond index (WBI) utilizing
natural atomic orbitals is 2.13, indicating it is roughly half
a bond lower than the previously estimated triple bond. The
NBO analysis indicates that the natural atomic configurations
of the two atoms in the X?X " state are Rh 5s0-89443-085,0.04
and C 2s!852p208  respectively. This suggests that both Rh
and C are situated in their respective atomic ground states,
4F and 3P, with minimal charge transfer occurring between
them. Consequently, the bond order of 2.5 is predominantly a
result of polarized covalent interactions.

All low-lying A-S excited states of RhC are situated
above 10000 cm ™!, as illustrated in Fig. 1. In contrast to many
diatomic transition metal radicals, the distribution of these ex-
cited states is notably sparse. For these states, only the [1]I1
and [1]?A states exhibit bond orders that are comparable to that
of the ground state, while the bond orders of the other states
diminish by 0.5-1.0, as detailed in Table 2. Moreover, in most
of these excited states, the Rh atom approximately retains a
ground-state configuration of 5s'4d® (*F), which is similar to
the ground state configuration. However, for the [1]2I1, [2]A,
and [1]*A states, the Rh atom configurations are significantly
closer to 5s°4d®, with the occupation numbers of the C 2p
shell ranging from 2.4 to 2.7. This indicates a higher pres-
ence of ionic bond characteristics within their Rh—C bonds,
represented as RhtC™. It is important to highlight that the
natural atomic configurations of Rh in several states show no-
table occupations in the Sp shell, often reaching or even sur-
passing 0.2. The comparison of RMS-CASPT?2 results with
and without the inclusion of the p active orbitals reveals that
the vertical energy differences at 1.62 A are typically less than
0.1 eV. However, for the [2]2A and [1]*A states, which exhibit
an occupation number of approximately 0.25 in the Rh 5p or-
bitals as indicated in Table 2, the differences rise to 0.15 eV.
This finding highlights the importance of incorporating the p’
shell into the active space.

Table 2. Bond orders and natural atomic configurations for A—S states
of RhC at 1.62 A.

A-Sstate MBO WBI Atomic config. (Rh) Atomic config. (C)
[]]22+ 228 2.13 580'894d8'085p0'04 2s! .852p2.08
[2]22+ 1.75 1.66 SS|.094d7.865p0.06 ZS|.612p2.3O
[1]2H 2.03 1.79 530']24(18'3] 5p0.]8 2S|.872p2.443p0.06
. K s : . ST "
[2]21-[ 1.62 1.41 5 0914d7 765p0 11 2 1 822p2 33
[3]21‘[ 1.60 1.40 550.834(17.81 5p0.08 281'852[)2'36
[I]ZA 223 1.97 581'464(17‘565[)0'06 281'852[)2'00
[2]2A 1.53 1.20 580'144(18‘005[)0'24 251.842p2,693p0.07
B K s o . ST :

1 Zq) 1.62 1.41 5 0904d77§5p011 2 1832p234
[2]*® 159 139 550894q7-755p008  o¢1:849p2.36
[1]4z+ 1.24 1.09 550.864d7.795p0.09 251.852[)2.35
[1]427 1.27 1.10 5S0.854d7.765p0.12 2Sl.832p2.39
[1]4H 1.69 1.48 5S0'874d7'735p0' 13 2Sl.842p2.35
[1]4A 1.60 1.25 580.134d7965p0.25 281.842p2.713p0.07
[2]4A 1.51 1.35 5S0.984d7695p0.08 251.872p2243s0,09
[3]4A 1.27 1.12 5S0.904d7745p0.ll 2Sl.862p2A31
[1]4@ 1.68 1.46 5S0.874d7A735p0.12 251.842p2A36

The lack of SOC effects leaves the relationship between
most calculated A—S states and those observed experimen-
tally unclear. In this discussion, we focus specifically on the
C2xy+ excited state, which has also been referred to as E2X
by Balasubramanian ez al.>>) and Balfour et al.,'''! and is lo-
cated around 21000 cm™!. Due to no first-order SOC, this
state can be reasonably assigned to the calculated [2]?Z 7 state.
However, it is noteworthy that the predicted excitation energy
is approximately 2500 cm~! higher than what is experimen-
tally observed, surpassing the typical accuracy limit of 0.2 eV
(about 1600 cm™!) associated with the CASPT2 methodol-
ogy. Even when accounting for second-order SOC effects,
improvements to the energy of the [2]2X" state remain elu-
sive. The significant error may be attributed to the excessive
contraction of p-functions in the ANO-R3 basis set of car-
bon, which we encountered in our recent theoretical study of
the WN molecule.>®! To verify this, we recalculated the two
states, [1]2ZF and [2]°Z*, using the aug-cc-pwCVQZ-PPL7]
and aug-cc-pVQZ[SS] basis sets (referred to as AVQZ) for Rh
and C, respectively. In this context, the innermost 28 core elec-
trons of Rh are replaced by relativistic pseudo-potentials. 7]
After switching to the AVQZ basis set, the excitation energy of
[2]>ZF decreased from 23851 cm™! to 21785 cm~!. Addition-
ally, the bond length was shortened from 1.761 A to 1.715 A,
and the vibrational frequency increased from 678 cm™! to
861 cm~!, aligning more closely with experimental values.
Furthermore, there are also changes in the dominant config-
uration (refer to Table 1) and the natural atomic configuration
(see Table 2).

3.2. Low-lying Q states of RhC

After evaluating the SOC effects using the SI approach,
the A-S states split into € states. Figure 2 displays the
PECs of all Q states below 32000 cm™!, which include ten
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states with Q = 1/2, ten states with Q = 3/2, seven states
with Q = 5/2, five states with Q = 7/2, and one state with
£ =9/2. Due to an insufficient number of higher-lying aux-
iliary A—S states in the spin—orbit matrix, the results for 2
states above 32000 cm ! are deemed unreliable and are there-
fore excluded. The spectroscopic constants for these €2 states
are summarized in Table 3, where they are compared against
the experimental values. Additionally, the squared total tran-
sition dipole moments (|1t|?) between the ground state and the
excited Q state at a bond length of 1.62 A are presented in
the table. It is important to note that in the RMS-CASPT2/SI
calculations, the energy of the [2]?L* state is overestimated
due to the defect of the basis set and is subsequently adjusted
down by 2066 cm™! to accurately reflect the observed spectral
transitions.

The PECs presented in Fig. 2 reveal a substantial energy
gap exceeding 10000 cm~! between the ground and excited
Q states of RhC. This considerable separation diminishes un-
certainties when identifying the spectral bands associated with
transitions between electronic states. Indeed, in all observed
absorption and emission transitions of RhC, the lower state has
been consistently identified as the ground state. In the follow-
ing section, we will delve deeper into these €2 states and dis-
cuss their correlation with the electronic states assigned based
on experimental observations.

3.0

1.01

Energy (10* cm™1)

0.5 7

0

%zv

—— 2 =3/2(x10)

3.0

2.5

2.0

r1.5
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0.5

1.

3.0

2.5
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1.6 1.8 20
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Fig. 2. PECs of low-lying 2 states of RhC.

Table 3. Spectroscopic constants of Q states of 103Rp12¢C 2)

2.2

Q state T.(cm™)  Re(A) @ (em™) Be(em™) |u?|to {1}1/2") (au)  Components® (> 10%)
{1}1/2 0 1.629 1054 0.5892 122+ (99)
Expt. 0 1.613 1050 0.6027 X2yt
{2}1/2 12165 1.667 878 0.5563 0.3272 [1]211 (99)
Expt. 9463 1.655 949 0.5733 AT ) O
{3}1/2 17885 1.760 743 0.5004 0.0034 [1]*11 (97)
{4}1/2 18981 1.762 739 0.4989 0.0151 [1]*11 (99)
{5}1/2 21574 1.791 650 0.4842 1.1172 2PZ* (81) + [2]I1 (17)
Expt. 21439 1.687 928 0.5510 ’rt
Expt. 20937 1.681 911 0.5554 C23t (aka E2xt) 9
{6}1/2 23005 1.735 832 0.5112 0.3238 [2]PT1 (72) + [2]2Z+ (16)
Expt. [21291] 1.772 [816] 0.4996 D?I1, /, (aka BT ) ©
{7}1/2 24339 1.766 735 0.4730 0.0260 [3]°I1 (89)
Expt. [22516] [706] U,?E* (U, 5 in this work) in Ne matrix
{8}1/2 25159 1.839 955 0.4602 0.0004 [1]42* (99)
{9}1/2 30193 1.917 645 0.4415 [1]*A (99)
{10}1/2 31157 1.839 690 0.4638 0.0003 [2]*A (99)
{1}3/2 12745 1.671 866 0.5500 0.3102 [1]711 (99)
Expt. 10243 1.655 939 0.5715 ATy, ®
{2}3/2 13200 1.715 934 0.5350 [1]?A (99)
{3}3/2 17011 1757 747 0.5018 0.0002 [1]*11 (98)
{4}3/2 18478 1.761 738 0.4991 [1]*® (99)
{5}3/)2 20564 1.799 677 0.4793 0.1176 [2]?I1 (80) + [3]211 (19)
Expt. [21361]  [1.760] [0.5067]
Expt. 20990 1.757 753 0.5084 D?I15; (aka B2I1;)5) 9)
{6}3/2 23487 1.762 707 0.4822 0.0244 [3]2I1 (79) + [2]*T1 (19)
Expt. [22280] U;2X7" in Ne matrix with an unknown ' ©)
Expt. [22613]  [1.760] [789] [0.5067] U3I3, ©
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Table 3. (Continued).

Qstate  To(em™) R (A @ (cm™') B.(em™') |u?|to{1}1/2Y (au) Components® (> 10%)
{7}3/2 25178  1.851 758 0.4578 0.0012 [1]*Z+ (98)

{8}3/2 29156 1.926 597 0.4361 [1]*A (84) + [2]?A (16)
{9}3/2 30139 1.833 718 0.4671 0.0001 [2]*A (95)

{10}3/2 31570 1.871 654 0.4482 [2]2A (81) + [1]*A (14)
{1}5/2 10908 1714 903 0.5305 [112A (99)

{2}5/2 16249 1.756 748 0.5026 [1]*T1 (99)

{3}5/2 17225 1764 755 0.4976 [1]*® (84) + [1]?® (14)
{4}5/2 19942 1.780 775 0.4885 [1]2® (80) + [1]*® (15)
{5}5/2 23506 1.784 738 0.4905 [2]2@ (94)

{6}5/2 28873 1.940 578 0.4433 [1]*A (92)

{7}5/2 29544  1.810 1043 0.4756 [2]*A (99)

{1}7/2 16715 1.766 750 0.4966 [1)*® (89) + [1]2® (11)
{2}7/2 18917  1.788 777 0.4859 [1]2® (79) + [2]?>® (11) + [1]*® (10)
{3}7/2 23179 1.776 724 0.4948 [2]2® (89)

{4}7/2 28689  1.952 654 0.4656 [1]*A (99)

{5}7/2 29096  1.825 1222 0.4926 [2]*A (99)

{1}9/2 16656 1.764 735 0.4969 [1]*® (100)

a) Experimental spectroscopic constants are taken from Ref. [22] by default. The values in brackets are Ty, Ro, AG{; and By. State U, means the

nth unrecognized state in the literature.

b Computed at 1.62 A. 9 AI1;, by mistake in Ref. [9]. ¢ Deperturbed results from Ref. [11]. Ref. [11]. URef. [9]. ¥ AII, /, by mistake in Ref. [9].

The ground state X1/2 (or {1}1/2) from XX+ The
ground Q state of RhC, denoted as {1}1/2 or X1/2, is pri-
marily derived from the ground A-S state [1]2XF, with a sig-
nificant contribution of 99%. When compared with the parent
state [1]Z*, the bond length of {1}1/2 has decreased from
1.636 A to 1.629 A, while the vibrational frequency has risen
from 1016 cm ™! to 1054 cm ™!, approaching the experimental
values of 1.613 A and 1050 cm™!.

The £2 = 1/2 and 3/2 states from A2II There is some
confusion in the literature regarding the naming of the A’II
state. Some authors have renamed it the B?IT state due to
the presence of a quasi-degenerate [1]2A state.!!!2] However,
since [1]?A is a dark state, and considering that the D?IT state
(see later) has also been referred to as B2IT,1!] we choose to
maintain the designation A’IT in this study. The AT state was
experimentally detected relatively early in both absorption!®]
and emission spectra,¥! revealing two © components: A?I1; /2
with lower energy and A%T1, /2 with higher energy. These com-
ponents may correspond to our calculated states {2}1/2 and
{1}3/2, which originate from the [1]°IT state. It should be
highlighted that Table I in Ref. [9] contains a labeling error
for the A2TI, /2 and AT, /2 states (these states are accurately
labeled in the other tables and figures within the same refer-
ence), and this mistake also appears in Table IV of Ref. [9].
The excitation energies for these two states exceed the exper-
imental values by 2700 cm~! and 2500 cm~!, which seems
somewhat excessive and may again stem from the basis set
issue observed earlier with the C?L* state. The energy dif-
ference between these two states, known as the SOC split-
ting energy, is 580 cm~!, which is 200 cm™! less than the
experimental value of 780 cm~!. Their bond lengths are ap-
proximately 1.67 A, which is close to the experimental mea-

surement of 1.655 A, while their vibrational frequencies are
around 870 cm~!, which qualitatively align with the experi-
mental values of approximately 940 cm™!.

The £2 = 1/2 state from C2X* It is proposed to rename
the C2X* state as the EX ™" state due to the existence of a [1]>®
state with slightly lower energy!!!?>! (see Table 1). Based on
the predominant A—S state component, the C>X™ state aligns
with our calculated {5}1/2 state, which primarily originates
from the [2]?Z* state, accounting for 81% of its character, but
also incorporates 17% from the [2]*T1 component. The modifi-
cation of the [2]>Z7 state energy in the SI calculations results
in the {5}1/2 excitation energy of 21574 cm~! being quite
close to the experimental value of 21439 cm™! 2] and the de-
perturbed value of 20937 cm~!.['!] Nevertheless, the shape of
the PEC for the [2]?L" state calculated using the ANO-R3 ba-
sis set is also inaccurate (refer to Fig. 1), leading to significant
discrepancies in the bond length and vibrational frequency of
the {5}1/2 state.

The £2 = 1/2 and 3/2 states from DI The nomencla-
ture of the D?II system in the literature can be perplexing
for readers. The branches with lower 2 = 3/2 and higher
Q = 1/2 have been respectively referred to as B2X (originally
labeled as the A%X statel®!) and D?X states, [© which were later
designated as B2 " and D?L~ states.[”?%/ In 1999, it was de-
termined that they correspond to the two £2 components of a
°I1 state, specifically termed DI/, and DII;, states.!!!]
However, the same paper also simultaneously employed the
aliases B2H3/2 and BZHI/Z, along with suggesting B2IT as an
alias for the lower AZII state (as mentioned above). To pre-
vent confusion, we will consistently use the designation D211
for the parent state throughout this paper, clarifying that there
is no BI1 state within our naming framework.
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In the experiments, the energies of the D’II; 2 and
D11, /2 states, along with the previously mentioned C’xt
states, are closely aligned, resulting in a complex perturbed
system.l'!) The D*I1;, and D?I1, ), states can be classified
into the {5}3/2 and {6}1/2 categories based on our calcu-
lations. Both states exhibit dominant characteristics of [2]°TT
with an approximately 80% contribution, although they also
incorporate a minor amount of [3]°IT and [2]Z*, respec-
tively. The excitation energy for the {5}3/2 state, measured
at 20564 cm~!, closely matches the deperturbed experimen-
tal value of 20990 cm~'.!'!l Conversely, the excitation energy
for the {6}1/2 state, recorded at 23005 cm™!, is noticeably
higher than the experimental value of around 21300 cm~!.[!!]
This discrepancy highlights the need for a detailed deperturba-
tion analysis of the D?IT, /2 state in forthcoming experiments.
The bond lengths and vibrational frequencies of the {5}3/2
and {6}1/2 states exhibit significant differences when com-
pared with experimental values. This discrepancy may once
more be linked to the imprecise PEC shape of [2]*I1 derived
from calculations using the ANO-R3 basis set.

Other excited states in experiments In a Ne matrix
at 4 K, two sets of absorption bands were identified at ap-
proximately 444.0 nm and between 417.3 nm and 448.7 nm.
These bands are believed to represent transitions from the
ground state to two distinct excited X" states,!”! which we
refer to as the lower U;>X" and the higher U,?L* states for
ease of discussion. In 1999, Balfour et al.['!l recorded three
very weak absorption bands at 442.22 nm, 427.32 nm and
413.90 nm, which were proposed to arise from the transition
X1/2 — 11, /2- In this study we designate the upper state in
this transition as U3°T1, /2- According to the theoretical excita-
tion energies and |ut|? values, U; 2" and U;3T15 /2 can both be
classified under the {6}3/2 state, indicating they are part of the
same €2 state. On the other hand, Uzz):+ corresponds solely
to {7}1/2 and should therefore be relabeled as U*I1; ». Both
Q states primarily originate from the parent state [3]°I1, and
the calculated bond lengths and vibrational frequencies align
closely with the available experimental data.

Radiative lifetimes of excited states At this stage, all ex-
perimentally observed spectral bands have been successfully
linked to transitions between the ground state and the theoreti-
cally identified excited states. Notably, every one of these tran-
sitions exhibits a substantial || value greater than 0.02 a.u.
(refer to Table 3). Furthermore, the |1|? value associated with
the {4}1/2 state (predominantly derived from [1]*IT) situated
around 19000 cm™! in relation to the ground state is roughly
0.015 a.u., suggesting that this transition has the potential to
be detected in upcoming spectroscopic studies. Other absorp-
tion transitions appear to be either forbidden or characterized
by relatively low |u|? values, indicating that the emergence
of new absorption bands for the RhC molecule is improbable

within the energy range of 32000 cm ™.

Based on Eq. (7) in the supporting information of
Ref. [59], the radiative lifetime of each bright excited € state
at its v/ = 0 vibrational level can be estimated using the |u|?
data in conjunction with the vertical excitation energy. For the
AT, /2 and AT, /2 states, the predicted radiative lifetimes
are approximately 11 ps; however, no experimental values are
currently available for comparison. In contrast, the calculated
radiative lifetimes for the C?X*, DI, /2 and D11, /2 states
are 96 ns, 316 ns and 908 ns, respectively, which show reason-
able agreement with the experimental values of 80 ns, 100 ns
and 800 ns.!"! For the U,?I1; 5 state, we observe three emis-
sion transitions with moderate intensities: Up?II; 12— X1 /2,
AT,/ and {2}3/2 (originating from [1]*A). The correspond-
ing radiative lifetimes are 101 us, 67 us and 7.2 us, respec-
tively, leading to a total radiative lifetime for U,>II, /2 of
6.1 ps. Similarly, the Us’Il, /2 state features three moder-
ately strong emission transitions: U3?Il, 1 — X1/2, AT, /2
and AT, /2. The radiative lifetimes for these transitions are
128 ps, 467 ps and 307 s, respectively, resulting in a total ra-
diative lifetime of 75 us for U3°Il, /2. The experimental radia-
tive lifetime of the Us’II, /2 state at the v/ = 2 level has been
measured to be 600425 ns,®1 which is significantly shorter
than our estimated lifetime. Generally, lifetime deviations ex-
hibiting such qualitative inconsistency are caused by impre-
cise second-order SOC effects. It is important to note that the
{6}3/2 state (i.e., the U35 , state) consists of a dominant
component, [3]°T1, and a secondary component, [2]*TI. The
relative weights of these components are highly sensitive to
the theoretical energy gap between the two 2IT states, partic-
ularly through second-order SOC effects, which are challeng-
ing to accurately calculate. When ignoring SOC, we observe
that the transition X>X*—[2]?IT is allowed, while the transition
X2 t-[3]?IT is quite weak. Consequently, a higher proportion
of [2]*T1 in the {6}3/2 state corresponds to a shorter lifetime
for the U3’I15 /2 state.

3.3. Low-lying A-S states of IrC

The PECs for the low-lying A-S states of IrC, situated
below 32000 cm™!, are illustrated in Fig. 3. Table 4 provides
a summary of the associated spectroscopic constants and their
predominant configurations. Additionally, Table 5 compiles
the bond orders and natural atomic configurations of these
states.

The experimentally determined ground state of IrC is the
Q =5/2 component of 2A.1221 In contrast, our calculations in-
dicate that the ground A-S state is [1]2XF, which aligns with
the findings for CoC>*! and the previously discussed RhC.
Meanwhile, [1]?A represents the first excited A—S state, ex-
hibiting a quasi-degenerate excitation energy of approximately
1300 cm~!. The literature suggests that DFT identifies X+
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as the ground state,**! while MRCI points to A.13?! How-
ever, our MRCI results still support the X" state, which may
be attributed to the larger basis set employed in our calcula-
tions. It is not unusual to find such discrepancies, as SOC
can induce inconsistencies between the A—S and £ ground
states. For example, a recent theoretical study of the OsO
molecule!®!! revealed that its A—S ground state is 'XT; the
correct £ ground state IT is achieved only after accounting
for SOC. The dominant configurations of the [1]2X* and [1]?A
states are identified as 162206230 17418%, which has a 75%
contribution, and 16%2202362171%1683, contributing 80%, re-
spectively. This observation highlights that both states largely
exhibit a single-configurational character, while also display-
ing some multi-configurational traits. Additionally, NBO anal-
ysis reveals that in the [1]2X state the atomic configurations
are 659-895d7-926p%% for iridium and 2s!842p%1° for carbon.

This indicates that the carbon atom is in the ground level 3P,

while the iridium atom resides in the first excited state b*F
(5d%65).1%1 In contrast, in the [1]?A state, the atomic config-
urations are Ir 6s'75d7336p"%%% and C 2s!#52p>%°, with the
iridium atom represented as a half-and-half mixture of the
ground level a*F (5d76s?) and the first excited level b*F.[53

3.03 F \ F3.0
2.5 F F2.5
T
2 2.04 F F2.0
o
1= —2%+(x2)
Z 1.5\ —200(Xx4) Fd F1.5
> 2A(X1)
20 2¢ (%2}
g 1.0 F F1.0
)
—43H(x1
0.59 Fd — 411 (x3)" F0.5
1A (X1)
19 (x1)
0 : T T T T T 0
14 1.6 1.8 20 2214 1.6 18 20 22
Ri_c (A) Ryn_c (A)

Fig. 3. PECs of low-lying A—S states of IrC.

Table 4. Spectroscopic constants of A—S states of '°*Ir'2C.

Dominant configurations at R.’s

A-S stat T -1 R. (A o, -1 B -1
state L (em™) e (A) e (cm™!) . (cm™!) 16/26/36 /46 /1%/27/18 (> 10%) 9

[1]2z* 0 1.652 1214 0.5432 2210404 (75)
22zt 20349 1.703 1032 0.5143 2120404 (62)
(1)1 18978 1.702 1034 0.5153 2210413 (42) + 2200414 (16)
[2]P1 21630 1.747 810 0.4846 2210413 (35) + 2200414 (20) + 2220304 (18)
(311 22724 1.776 1001 0.4730 2210413 (37) + 2220412 (16) + 2200414 (11)
[4)?11 26398 1.748 781 0.4883 2210413 (30) + 2220412 (29) + 2200414 (18)
[1]?A 1314 1.689 1089 0.5192 2220403 (80)

Expt. Y 0 1.683 1060 0.5268
[1]?® 19814 1.739 894 0.4890 2210413 (75)
2)?® 24799 1.751 891 0.4865 2210413 (66) + 2120413 (12)
[1]*z* 28087 1.838 822 0.4416 2210314 (69)
141 16385 1.720 969 0.5007 2210413 (78)
[2)*1 25544 1.806 801 0.4577 2220412 (70)
[3)411 29803 1.795 795 0.4632 2120413 (51) + 2110414 (17)
[1]*A 27815 1.883 745 0.4177 2220313 (73)
[1)*® 16880 1.724 950 0.4981 2210413 (83)

“)Computed at the PM-CASSCEF level. 10 and 20: C 2s + Ir 5dg, 30 and 40: C 2pg + Ir 6s, 17w and 27: C 2p; + Ir 5dz, and 18: Ir 5dg.
The higher-lying three auxiliary active orbitals 56 and 37 are always weakly occupied.

b)Ref. [22].

Table 5. Bond orders and natural atomic configurations for A—S states of IrC at 1.68 A.

A-S state MBO WBI Atomic config. (Ir) Atomic config. (C)
[1]22+ 2.40 223 650‘895d7‘956p0'06 251A842p2.19
[2]2z+ 2.26 2.19 651'505(17’546[)0']0 281.522p2.28
[I]ZH 1.87 1.65 650‘785({7’686})0'19 251A842p2,44
. B S : . ST .
[2]21‘[ 1.84 1.64 6 0945d7 676p0 16 2 1 752p2 41
[3]21] 1.78 1.58 651355(17,406]30.12 251A822p2,24
. . s0- . .13 gl E

4 ZH 1.76 1.53 6 0795d7 696p0 13 2 1 842p2 48

[1]2A 2.37 2.13 681‘575(17’336])0'09 251A852p2,09
. . S -~ | ST :

1 2@ 1.81 1.58 6 O975d7 546p0 17 2 1 782p2 45
[2]2@ 1.72 1.50 6SO.975d7,586p0. 12 251A782p2.48
[1]42+ 1.38 1.20 650‘905(17'6361)0'15 231,832132.44
[1]41’1 1.92 1.68 650'925(17'496]30'22 251.832132.46
[2]41‘[ 1.86 1.57 651‘525d7'006p0'16 251,812p2.44
[3]41*1 1.74 1.59 681 .205d7.406p0.]6 251.592p2.58
[1]4A 1.39 1.16 651‘455d7'106p0'13 2514852132.37
[] ]4¢’ 1.90 1.66 650-895d7-546p0-20 251.832[)2.46
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For the [1]%A state, the computed bond length and vibra-
tional frequency are 1.689 A and 1089 cm™!, respectively,
closely aligning with the experimental values of 1.683 A and
1060 cm~'.[22] The [1]2X* state, which lacks experimental
data, exhibits a bond length of 1.652 A and a vibrational fre-

quency of 1214 cm™!

. These results are shorter and higher,
respectively, than those of the [1]?A state, suggesting that the
[1]>Z7 state exhibits stronger bonding characteristics. How-
ever, bond order analysis reveals contrasting results. Similar
to RhC, the EBO value for the [1]2Z" state is 2.5, whereas
the [1]%A state corresponds to a single excitation from the non-
bonding 10 orbital to the bonding 30 orbital, leading to an
increased EBO of 3.0. Consequently, IrC in the [1]?A state
can be approximated as having a triple bond, aligning with the
bond order estimated in the literature.*! Population analysis
methods reveal that the bond orders of the [1]2Z+ and [1]2A
states are quite similar, with MBOs both approximating 2.40,
and WBIs at 2.23 and 2.13, respectively. This suggests that
the bond orders for both states should be about 2.5. Interest-
ingly, we observe that the three methods used to estimate bond
strength provide qualitatively different outcomes: bond length
and force constant (k o< @,2 o< R, ¥ o< bond strength, accord-
ing to the generalized Badger rule[®?)) indicate that the bond in
the [1]2X" state is stronger. In contrast, EBO suggests that the
bond in the [1]?A state is stronger, while both MBO and WBI
indicate that the bond strengths are essentially similar. This
highlights the complexity of bond strength in transition metal
systems and underscores the limitations of various estimation
methods, which stem from their differing perspectives.

Aside from the [1]22* and [1]?A states, all A—S elec-
tronic states of IrC are found above 2 eV (approximately
16000 cm™1), as illustrated in Fig. 3. Notably, the MBO and
WBI values for the [2]2X7 state are similar to those of the first
two states, while the bond orders of the remaining states gen-
erally decrease by 0.5 to 1.0. At 1.68 A, we conducted tests
on the RMS-CASPT? calculations excluding the p’ active or-
bitals. Similar to our findings with RhC, the majority of the
vertical excitation energy errors fall within 0.1 eV. However,
the [1]2®, [1]*IT and [1]*® states, which have notable Ir 6p oc-
cupation numbers, display greater energy deviations ranging
from 0.1 eV to 0.15 eV. Notably, the [1]IT state shows an over-
estimation of the vertical energy by 0.22 eV. This again em-
phasizes the critical influence of the p’ shell in specific states.

Since our current findings do not consider SOC effects,
we are unable to correlate these results with the experimen-
tal observations of € states, and thus will refrain from further
discussion on that topic.

3.4. Low-lying Q states of IrC

The PECs of the Q states within 32000 cm™! are illus-
trated in Fig. 4. Table 6 summarizes the fitted spectroscopic

constants, the dominant A—S components and the |u|* values
calculated at a bond length of 1.68 A. The IrC radical expe-
riences significant second-order SOC effects, which indicates
that the A—S states previously calculated may be insufficient
for constructing a reliable spin—orbit matrix. As a result, only
the Q states below 32000 cm™! are included in this analysis.

1 1 1 1 1 1
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T
g 2.0 . L 2.0
Q
<
[«
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>
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0.5 - L 0.5
0l ——2=1/2(x10) —— 2 =3/2(x8) 0
T T T T T T
1.4 1.6 1.8 20 2214 1.6 1.8 20 2.2
1 1 1 1 1 1
3.0 = L 3.0
2.5 L] L2.5
T
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Z 1.5 - L1.5
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Fig. 4. PECs of low-lying € states of IrC.

With the exception of the X52A; 5 «— Ex*A;, emission
transition, all identified lower states for the absorption and
emission spectral transitions of IrC correspond to the ground
state X12As /2. The upper states are found within an energy
range of 25000 cm~ !, with Q values of 3/2, 5/2 or 7/2.116:17.22]
In the absorption spectra, IrC molecules primarily populate the
V" = 0 level of the ground state, although absorption spec-

7 =1 level have also been observed at room

tra from the v
temperature.!'*! Due to the Boltzmann distribution, popula-
tions in higher vibrational and electronic states are negligible
for this analysis. Based on the 2 quantum numbers, the pre-
dominant A—S components, the alignment of theoretical and
experimental excitation energies and the significant |u|? val-
ues, most of these upper states closely match the calculated €2
states. Their corresponding experimental spectroscopic con-

stants are detailed in Table 6 for reference.
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Table 6. Spectroscopic constants of © states of 193712 2)

2| (4 b
Q state T.ecm™) R.(A) @ (m") B.(cm!) i |ﬂ{‘1§¢;>12) : s Components?) (> 10%)
{1}1/2 2068 1.653 1183 0.5466 [1]2Z* (98)
Expt.  x~3200  1.682 [1030] 0.5272 X2?A323 X272 ©
{2}1/2 18332 1.740 995 0.4955  0.0406  0.0387 [1]*T1 (47) + [1]°I1 (31) + [2]2T1 (10)
{3}1/2 20134 1.699 1007 05136  0.4014  0.1223 [1]211 (54) + [1]*I1 (35)
{4}1)2 21294 1715 964 0.5074  0.0488  0.0049 [2]22F (74) + [2]*TL (11)
{5}1/2 23119 1.744 849 0.4905  0.0182 [1]*T1 (84)
{6}1/2 25032 1.758 817 0.4826  0.4029  0.0022 [2]2T1 (51) + [3]°I1 (15) + [1]*T1(13)
{7}1/2 26543 1.779 905 04713 0.0196  0.1411 [3]2T1 (70) + [2]°T1 (14)
{8}1/2 27986 1.781 875 0.4706 0.0148 [2]*T1 (74)
{9}1/2 28594  1.767 917 0.4779  0.0034  0.0218 [2]*11 (78)
{10}1/2 30397 1.800 797 0.4604  0.1116  0.1454 [4]2T1 (58) + [2]*T1 (14)
{1}3/2 6846  1.694 1068 0.5161  0.0019 0.0018  [1]2A (96)
{2}3/2 16130 1.712 976 0.5045  0.0283 0.0120  [1]*T1(89)
Expt.  x+12180  1.703 [960] 0.5148 Ex?Asp; BT 5 ©
Expt. [16504] U9
{3}3/2 20233 1.722 1053 0.5042  0.2084 0.3190  [1]2I1 (90)
Expt. 19643 1.720 850 0.5045 K113, ©
{432 21238 1715 970 0.5087  0.0005 0.0004  [1]*® (99)
Expt. [19435]  [1.714] [0.5085] [19.4)2115 5 ©
{5}3/2 22810  1.768 922 04773  0.0864  0.0007  0.0452  [2]*T1(79) + [3]*T1 (10)
Expt. ~22500 ~1.78 ~0.47 U33/2 and Us3/2 (V' =2 observed) e)
{6}3/2 24536 1.775 868 0.4734  0.2243 0.1209  [3]*T1(79)
Expt. 23420 1.766 829 0.4782 [23.0]°TT3, ©)
{7}3/2 26502 1.805 848 0.4582  0.1911 0.0221  [2]*T1(59) + [4]°T1 (35)
{8}3/2 29886 1.803 657 0.4589  0.1462 0.0038  [3]*T1(39) + [4]°I1 (23) + [2]*T1 (13)
{1}5/2 0 1.691 1082 0.5184 [112A (99)
Expt. 0  1.683 1060 0.5268 X1%As)
{2}5/2 13581 1711 998 0.5064 0.0006  [1]*T1(98)
Expt. 15149 1.705 964 0.5132 E12As)p; Ey*Il5), ©
Expt. [15846] U9
{3}5/2 16236  1.714 985 0.5046 0.0028  0.0002  [1]*® (55) + [1]?® (43)
{4}5/2 24376 1.723 962 0.5005 0.0068 [1]2® (47) + [1]*® (42) + [2]>@ (10)
{5}5/2 26731 1.816 985 0.4525 0.0052 [2]*T1 (62) + [3]*T1 (22) + [1]*A (14)
{6}5/2 29791 1.788 640 0.4666 04693  0.0003  [2]>® (85)
{7}5/2 30085 1.829 804 0.4461 [3]*I1 (75) + [2]*11 (23)
{8}5/2 30802  1.826 999 0.4474 0.0097 [1]*A (84) + [2]*IT (12)
{1}7/2 15984  1.726 930 0.4977 0.0406  [1]*® (70) + [1]°® (28)
Expt. 14414 1718 936 0.5053 D?®;,: D(*d+2 )5, ©)
Expt. [15278] [1.722] [924] [0.5034] D2®;), ©
{2}7/2 23125 1.772 789 0.4704 03642  [2]2® (53) + [1]°® (25) + [1]*P (20)
Expt. 20930 1.756 833 0.4841 L2®;), D
{3}7/2 26622 1.861 569 0.4311 0.0866  [1]>®@ (46) + [2]*® (38)
{4}7/2 28561 1.775 1399 0.4665 0.0137  [1]*A(92)
{1}9/2 17375 1.734 921 0.4925 [1]*® (99)

%) Experimental spectroscopic constants are taken from Reference [22] by default. The values in brackets are Ty, Ry, AG /2 and By. State Uy

means the nth unrecognized state in the literature.

b) Computed at 1.68 A. 9Ref. [32]. DRef. [14]. ©Ref. [17]. DRef. [16].

The lowest three {2 states from [1]°X* and [1]A The
SOC effects result in the splitting of the [1]?A state into two
Q sub-states, namely {1}3/2 and {1}5/2. In contrast, the
[1]2ZF state remains unsplit, comprising solely the {1}1/2
state with minimal second-order SOC contributions from other
A-=S states. Among the three Q states, {1}5/2 is identified as

the ground state, aligning with the experimental ground state

X1%As /2 (or X;5/ 2)[?%] and the theoretical one by Balasubra-
manian et al.3*) Meanwhile, {1}1/2 and {1}3/2 correspond
to the first and second excited states, with energies near 2000
and 6800 cm™
ings have reported a state referred to as X,?A; /2 (or X53 /2)

I respectively. Additionally, experimental find-

during the E»3/2 — X, transition.!!'* This state was thought
to represent the Q = 3/2 sub-state of the [1]?A state; how-
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ever, its estimated energy of approximately 3200 cm ™!

is sig-
nificantly lower than the theoretical energy predicted for the
{1}3/2 state, being 6846 cm~! in this study or 6506 cm~!
in the work by Balasubramanian et al.'3*! Due to this reason,
Balasubramanian et al. redefined this state as XZZZT/Z.BZ] We
have thoroughly analyzed two potential scenarios: (I) If we
consider the Q = 3/2 state as initially labeled,'*! the experi-
mentally observed transition E;3/2 — X, (which corresponds
to {2}3/2 — {1}3/2 or {3}3/2 — {1}3/2 in this research)
would be nearly forbidden, given its tiny |u|? value. (IT) If we
reclassify it as the Q = 1/2 state, as suggested by Balasubra-
manian et al.,!'*! the |u|? value for the E3/2 — X, transition
(which can only correlate to {2}3/2 — {1}1/2 at this stage)
is approximately 0.03 a.u., indicating a transition of moderate
strength. Thus, it is logical to redefine this state as XQZZT/z (or
simply X5 1/2), which has been adopted in this study. The the-
oretical bond length for the X;%As /2 state is determined to be
1.691 A, with a vibrational frequency of 1082 cm™!, closely

matching the experimental values of 1.683 A and 1060 cm™!,
+

1/2
tion energy of 3200 cm~! is close to the theoretical value of

respectively. For the X,2X T, state, the experimental excita-

3406 cm™! calculated by Balasubramanian et al.3%! but is sig-

nificantly larger than the value of 2068 cm™!

in this study,
indicating that the theoretical energy of the [1]2X" state might
be underestimated by about 1000 cm~!. Additionally, a no-
table discrepancy also exists between the other theoretical and
experimental spectroscopic constants of this state. It is crucial
to highlight that these experimental values were derived under
the assumption that both the X;5/2 and X»3/2 states origi-
nate from 2A.['*] Consequently, future experiments should re-
evaluate these measurements.

The D°®;, state The D’®;/, state observed in
experiments!!'*!1517] corresponds to our calculated {1}7/2
state. Notably, its primary A—S component is *®, while the 2®
component plays a minor role. Balasubramanian et al. reached
similar conclusions, leading them to propose renaming this
state as D(*® +2 ®);,.13% Our calculated excitation energy
of 15984 cm™! is considerably higher than the earlier exper-

—1 114 yet it aligns more closely

—1[15]

imental figure of 14414 cm
with later measurements of approximately 15100 cm
and around 15300 cm~1,['7] while the theoretical energy of
13719 cm~! by Balasubramanian et al.*? seems too low. Ad-
ditionally, the calculated equilibrium bond length of 1.726 A
and vibrational frequency of 930 cm~! are in strong agreement
with the experimental values of 1.718 A and 936 cm™",1??! re-
spectively.

The E;?As ), and E»? A5, states In the two weak band
systems E; <+ X; and E; — X5, the upper states have been
associated with the Q sub-states of the parent state E’A ly-
ing at about 15000 cm~'. However, as illustrated in Fig. 3,
this 2A state is not observed in our calculations below an en-

ergy of 32000 cm~!. Balasubramanian et al.3?! reclassified
these two states as E;*ITs /2 and E,11, /2, respectively, al-
though the latter was hypothesized at a lower theoretical level.
In this study, we identify E; as the {2}5/2 state, primarily
corresponding to the = 5/2 sub-state of [1]*TI, while the
calculated energy of 13581 cm™! is smaller than the experi-

1122] and the theoretical value of

mental value of 15149 cm™
14968 cm~! by Balasubramanian ez al.!3?! The energy of the
E, state, being about 15500 cm ™!, is significantly lower than
that of the {3}3/2 state, although its dominant component is
[1]°TT; hence, it is categorized as the {2}3/2 state lying at
16130 cm~!, which fundamentally represents the Q = 3/2
sub-state of [1]*T1. Table 6 shows that the bond lengths for
the {2}5/2 and {2}3/2 states are approximately 1.71 A, dif-
fering by less than 0.01 A from the experimental values. Ad-
ditionally, the vibrational frequencies align well with the ex-
perimental data. At room temperature, two absorption peaks
were identified at 15846 cm~! and 16504 cm~!,[!4 referred
to as the U; and U, states in this study. While no definitive
assignments have been made, these peaks are hypothesized to
correspond to the absorption band systems of X; — E; and Ej,
suggesting a potential association with the {2}5/2 and {2}3/2
states, respectively.

The K*I1;/, and [19.4]*I13 , states The experimentally
observed K°TT; /2 and [19.4]°T15 /2 states are very close in en-
ergy, both around 19500 cm~!.!'4171 However, among the cal-
culated 2 = 3/2 states near this energy, only the leading com-
ponent of the {3}3/2 state is *I1. The |u|* value of approxi-
mately 0.32 a.u. between {3}3/2 and the ground state is rather
large, indicating a strong transition. Therefore, {3}3/2 should
correspond to the KT, /2 state. Additionally, there exists an-
other Q2 state, {4}3/2, derived from [1]*®, which has a similar
energy but a very small || value to the ground state. Given
that the [19.4]%T1; 12— X ZAs /2 transition has been experimen-
tally identified as weak,!'”! the upper state [19.4]?I15, could
be associated with the calculated {4}3/2 state. The theoret-
ical bond lengths for both the K*II; /2 and [19.4]°T15 /2 states
align well with experimental data; however, the theoretical vi-
brational frequency for the KTI; /2 state is 200 cm™! greater
than the experimental value.

The L2, /2 state The L’®, /2 state observed in
experiments!!*1%] aligns with the calculated {2}7/2 state, and
its primary component, [1]?®, aligns with experimental expec-
tations. Furthermore, the theoretically predicted bond length
and vibrational frequency are generally consistent with exper-
imental values, although the excitation energy of 23125 cm™!
is about 2200 cm~! higher than the experimental value of

approximately 20930 cm™!.

In experiments, the L>®, /2 =
X12As ), transition exhibits notable strength,!'®! as evidenced
by the calculated |u|? value of approximately 0.36 a.u.

The [23.0)°T1; /2 state Pang and Cheung!!'”! identified the
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[23.0]°T15 /2 state at an energy of approximately 23400 em™ !,
Given its dominant A—S component and excitation energy,
this state can be confidently assigned to the calculated {6}3/2
state, which arises mainly from [3]T1. The theoretical values
of T and R, align well with the experimental data, though the
vibrational frequency is computed to be 39 cm~! higher than
that observed in experiments.

Preliminary assignment to other spectral bands Using
theoretical results, we can analyze the unassigned absorption
transitions observed in experiments. Specifically, the U; and
U, states!!*) have been aligned with the E;*Ils , and E>*IT;
states, or the calculated {2}5/2 and {2}3/2 states. Moreover,
Pang and Cheung!'”! identified two absorption transitions at
energies of 23937 cm~! and 24313 cm™!, with the total an-
gular momentum quantum numbers and vibrational quantum
numbers of the unclassified upper states both being Q = 3/2
and v/ = 2. In this paper, these two states are denoted as
U33/2 and U43/2, respectively. Considering that the vibra-
tional frequencies of most 2 states of IrC fall within the range
of 800 cm™~! to 1000 cm™! (as indicated in Table 6), if the
identified vibrational levels are accurate, the adiabatic excita-
tion energies for the two states at v/ = 0 are expected to be
approximately 22000 cm~! and 22500 cm™!, closely align-
ing with the energy of the {5}3/2 state. Given the limited
experimental data available, we tentatively propose that these
two transitions correspond to the {5}3/2 state, which primar-
ily originates from the [2]2IT state, exhibiting a notable |u|?
value of around 0.045 a.u. Further experimental investigations
will be necessary to verify this assumption in the future.

4. Conclusion

The presence of open-shell d orbitals and notable SOC ef-
fects complicates the spectral analysis of transition metal com-
pounds, requiring highly precise calculations. In experimental
studies, numerous spectral transitions of RhC and IrC have
been detected and analyzed. However, some of the electronic
states identified in these experiments do not align with the ear-
lier theoretical findings by Balasubramanian et al. published
in 1997.[2532]

In this paper, we utilize the RMS-CASPT2 method in
conjunction with the SI approach to systematically compute
the PECs of the low-lying A—S and 2 states of RhC and IrC
radicals, spanning up to 32000 cm~!. Additionally, we fit the
spectroscopic constants associated with these states. For the
A-S states, we conduct an analysis of their bond orders and
atomic configurations. Drawing on our theoretical findings
for the Q states, we have successfully assigned the experi-
mentally observed states of RhC and IrC to their correspond-
ing calculated states. Notably, the theoretical spectroscopic
constants align closely with the experimental values. This re-

search serves as a valuable reference for future spectroscopic
studies of RhC and IrC.

Supplement After the acceptance of this manuscript,
Tomchak and Morse!®3! published the dissociation energies
of RhC and IrC using resonant three-photon ionization spec-
troscopy.
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