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ABSTRACT

We report on the high-resolution photoelectron spectroscopy of diatomic molecules TaX™ (X = C, N, O) anions using a cryogenic ion trap
combined with the slow electron velocity imaging (cryo-SEVI) method. We determined the electron affinities of TaC, TaN, and TaO to be
2.098(2), 1.576(2), and 1.069(2) eV, respectively. In addition, the electron affinities of TaX molecules were calculated using the CCSD(T)
method with the complete basis sets. To interpret the complicated photoelectron spectra, we predicted the excited states of TaX molecules
using the MRCI + Q method, accounting for the spin-orbit coupling effects. Several new excited states of these molecules were observed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0239233

I. INTRODUCTION

Transition metal (TM) compounds are important functional
materials with significant applications in fields such as magnetism,
catalysis, and superconductivity.' ~ Due to the partially filled d
orbitals of TM elements, the electronic structures of TM compounds
are notably complex. This complexity is particularly pronounced for
the 5d group elements, where the large atomic number and heavy
mass lead to more pronounced spin-orbit coupling effect compared
to the 3d and 4d groups. The competitions between spin-orbit cou-
pling effects, electron correlations, and lattice interactions endow 5d
TM compounds with a rich array of quantum properties.” Under-
standing the electronic structure of these compounds is therefore
essential for elucidating their diverse properties.

This work investigates the photoelectron spectrum (PES) of
TaX™ (X = C, N, O), which represents the simplest molecular sys-
tem among TM compounds. Studying these diatomic molecules is
helpful in understanding more complex systems.” ’ In addition, the
heavy polar molecule TaN has been identified as a promising candi-
date for the electron electric dipole moment (eEDM) experiment.”’
Due to the atypical conditions required for the formation of group
3-5 monocarbides, they are more challenging to generate compared
to group 8-10 monocarbides.'’ This is also why there have been
reported only a few spectroscopic experiments. Recently, Nakhate

et al. investigated the electronic structure of TaC through laser-
induced fluorescence (LIF) spectroscopy.'! They determined the
vibrational frequency of the ground state 2" to be 769.1(1) cm™".
Wang et al. theoretically investigated the ground-state structures of
neutral, cationic, and anionic TaC using the density functional the-
ory (DFT) method'” and predicted the electron affinity (EA) value
for TaC to be 2.24 eV. Majumdar and Balasubramanian employed
the multireference configuration interaction (MRCI) method to
study the potential energy curves and spectroscopic constants of
TaC and TaC*, suggesting a ground-state vibrational frequency of
748 cm™."* The only experimental study on TaC™ anion was con-
ducted by Aravind et al. using photoelectron spectroscopy.'* They
measured the EA value of TaC as 1.928(0.056) eV. They also mea-
sured the ground-state vibrational frequency of TaC as 1064 cm™,
which contrasts with the experimental result of 769.1(1) cm™" by
Nakhate et al.'"""

Ram et al. first used a Fourier-transform spectrometer (FTS) to
study the emission spectrum of TaN in the 3000-35 000 cm ™" range
and employed the MRCI method to calculate the molecular elec-
tronic states.'® The first excited state >A; of TaN was experimentally
determined to be 2827 cm™! higher than the ground state. Start-
ing from 2016, several groups reported the LIF experiments of TaN
molecules, determining their spectroscopic constants, the branching
ratios, and transition dipole moments for the 3A and 'A states.'*%"
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FIG. 1. Photoelectron images and spectra of cryogenically cooled TaC~ about 15 K
at photodetachment energies (a) 19408 cm=" and (b) 20492 cm~". The double
arrow indicates the laser polarization.

On the theoretical side, Fleig et al. performed all-electron calcula-
tions including spin-orbit interactions for the ground and excited
states of TaN.” The only experimental study on TaN™ anions is
the photoelectron spectroscopy reported by Valdivielso using the
velocity-map imaging method. They determined the EA value of
TaN to be 1.574(1) eV.”!

In 1967, Cheetham and Barrow studied the fluorescence spec-
trum of TaO in the gas phase and identified its ground state as
X 2As2, the vibration frequency we to be 1028.69 cm™, and the
splitting of 2A to be 3505 cm™! (0.4346 eV).”> Ram et al. and
Al-Khalili ef al. studied the high-resolution emission spectrum of
TaO using a Fourier transform spectrometer (FTS).” ~ Recently,
Thomas et al. used laser excitation spectroscopy to perform the
rotation and hyperfine analysis of the D 2H1/2—X 2A3/2 (0,0) and
E 2H1/2—X 2A3/2 (1,0) bands of TaO, further improving the accu-
racy of the energy levels.”” ** On the theoretical side, the focus of the
research is on the ground state X *A and the lower excited state *3~
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of TaO.” " Dolg et al. used CASSCF/MRCI to study two excited
states. The calculation showed that the energy of ‘2™ is 0.76 eV
higher than the ground state, and the spin-orbit coupling splitting of
the ground state >A was calculated to be 3567 cm™.*! Recently, Wu
et al. calculated the vibration frequency of TaO, TaO*, and TaO~
based on the density functional method BP86/LAN2DZ.*” They pre-
dicted the electron affinity of TaO to be 0.998 eV and an excited state
*3* with an energy of 0.46 eV higher than the ground state. The lat-
est experimental result of the EA value of TaO is by Zheng et al.
using the magnetic bottle photoelectron spectroscopy in 2008. They
obtained EA(TaO) = 1.07 + 0.06 eV.>*

Although these molecules have been extensively studied, their
ion energetic data require more precise measurements, and their
electronic states are not well clarified. The slow-electron velocity-
map imaging method combined with the cryogenic ion trap (cryo-
SEVI) has shown great advantages for studying complex molecular
systems due to its high energy resolution.”" "’ Here, we employed
the cryo-SEVI photoelectron spectroscopy of TaX™ (X = C, N, O)
alongside the high level quantum chemical calculations to investi-
gate the electronic states and vibrational states of TaX. The high level
CCSD(T)/CBS calculations were employed to optimize the geome-
tries and calculate the EA values and the vibration frequency. The
MRCI method, incorporating the spin-orbit coupling effects, was
applied to calculate the excited states.

Il. METHODS
A. Experimental method

The experimental setup used in this study has been described
in detail elsewhere.””"!™*’ Briefly, TaX (X = C, N, O) anions were
produced by focusing a pulsed 532-nm laser onto a tantalum metal
disk (purity 99.99%) with N,O or CHy as the reaction gas. The
generated anions were guided into a homemade radio frequency
(rf) octupole ion trap, which was mounted on a cryogenic cold
head with a temperature held at 15 or 7 K. The trapped ions were
cooled down to their vibrational ground states and a few low rota-
tional states through the collisions with the buffer gas (80%He
+ 20%H,). After a trapping period of 45 ms, the interested anions
were ejected out and selected using a Wiley-McLaren type time-of-
flight (TOF) mass spectrometer.** They were then photodetached
in the interaction zone of the velocity-map imaging lens. The

TABLE . Measured binding energy (BE), the energy shift from the ground-state neutral TaC, the assignment, and the
anisotropy parameter 3 of each observed peak for TaC™ in Fig. 1. All 8 values are the results at hv = 24 092 em~". Accurate
optical shift is the results obtained by Nakhate et al. through the study of TaC using LIF."!

Peak BE(cm™!) Shift (cm™!) Accurate optical shift (em™) Assignment B
a 16918(16) 0 X!zt X2t 050 1.2
b 17 700(16) 782(23) 769.1(1)" Xzt 5 X201 06
c 18478(16)  1560(23) 1548(20) " X'zt 5 X2st0-2 09
d 19245(16)  2327(23) 2313(20)"! X!zt >X2s"0-3 1.0
e 19410(16)  2492(23) 2451(20)"! X't 541,00 1.2
f 20061(16)  3143(23) X't X204 02
g 20333(16) 3415(23) X'st 54,051 -02
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FIG. 2. Photoelectron images and spectra of TaN~ at photodetachment energies
(a) 16667 cm~", (b) 19231 cm~", and (c) 24 390 cm~" cryogenically cooled about
15 K. The double arrow indicates the laser polarization.

photodetachment laser was the optical parametric oscillator (OPO)
laser pumped by the third harmonic of a neodymium:yttrium-
aluminum-garnet (Nd:YAG) laser, with a linewidth of 4-8 cm!
depending on the wavelength. The outgoing photoelectrons were
detected using a microchannel-plate enhanced phosphor screen
and recorded with a charge-coupled device (CCD) camera in an
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event-count mode. The photoelectron distribution was recon-
structed from the accumulated imaging via the maximum entropy
velocity Legendre reconstruction (MEVELER) method.**

For the single photon detachment with a linearly polarized
laser, the photoelectron angular distribution (PAD) can by described
by the following formula:"*~*

do o (1 g(2asto- 1))
de4n(l+[3(2c059 5)) (1)

where o1 is the total photodetachment cross section, f8 is the
anisotropy parameter, and 6 is the angle between the photoelectron
outgoing direction and the laser polarization. The value of f is in the
range of —1 to 2, depending on the kinetic energy of photoelectrons
and the symmetry of the electronic state. PAD is helpful for the state
assignment.

B. Computational methods

In this work, the computational study employed the all-electron
augmented valence polarized sets with additional diffuse func-
tion basis sets aug-cc-pVXZ (X = T, Q, 5) for the C, N, and O
atoms.” For tantalum, the atomic orbitals were described by the
SDD (Stuttgart-Dresden effective core potential), which includes
a Stuttgart-type core (60 core electrons) and relativistic effective
core potential (ECP).”" The CCSD(T) method was utilized to opti-
mize the ground-state geometries and calculate the ground-state
vibrational frequencies.”’ The structural optimization and the fre-
quency analysis of the neutral and anionic TaX (X = C, N, O)
were performed using the Gaussian 09 program.”” The zero-point
energy (AZPE) corrections for TaX and TaX™ were computed at the
CCSD(T) level, using the aug-cc-pVTZ basis set for C, N, O and
aug-cc-pVTZ-PP basis set for Ta.

The basis set extrapolation (BSE) technique was employed in
high-accuracy energy calculations to minimize the residual errors
arising from insufficient basis sets. By knowing the mathematical
form of convergence trends, results obtained from smaller basis sets
can be extrapolated to larger basis sets and even to the complete
basis set (CBS) limit. To achieve more precise data, the total energy
is extrapolated to the CBS limit using two different extrapolation

TABLE II. Measured binding energy (BE), the energy shift from the ground-state of neutral TaN, the assignment, and the
anisotropy parameter /3 of each observed peak for TaN~ in Fig. 2. The f3 values are the results at hv = 24 390 em~" except

for peak d, which is at hv = 16667 cm~". Accurate optical shift is the results obtained by Mukund et al. and Bouchard et al.

through the study of TaN using LIF.'6."7

Peak BE(cm™!) Shift (cm™) Accurate optical shift (cm™) Assignment B
a 12 677(40) 0 X2A3p = X5t 050 -04
b 13764(31)  1087(51) 1072.4(2)'¢ X2A3n > X!Zt0>1 07
c 15518(19)  2841(44) 2833(4)"7 X2As35 = 3A1 00 14
d 16547(16)  3870(43) 3837(4)"7 X2As3n = 3A10 1 0.1
e 16726(28)  4049(49) 4023(4)"7 X2A32 A0 0 1.2
f 17754(21)  5077(45) 5070(4)"” X2As3n =M 01 0.2
g 18654(55)  5977(68) X2Asp =3A0-0 04
h 21654(30)  8977(50) 1.2
i 22713(22)  10036(46) 1.0
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formulas:”** the two-parameter CBS extrapolation formula (CBS2),
given by

3

En :ECBS2 +Bxn (I’l=4,5), (2)

and the three-parameter CBS extrapolation formula (CBS3), given
by

Ey = Ecpss + Be "D 1 Ce ™ (n=3,4,5). 3)

Since the optimal extrapolation scheme can vary depending on the
molecule and the basis set,””” the results of two equations are
averaged to obtain the more accurate CBS limit.

In this work, the excited states of TaX (X = C, N, O) and TaX™
were calculated using the MOLPRO program package.”” The het-
eronuclear diatomic molecules, TaX/TaX", belong to the Cooy point
group. However, due to MOLPRO’s limitation to Abelian point
groups, we utilized the Cyy point group as an alternative. The com-
putational procedure began with obtaining initial wavefunctions
for the ground state using the Hartree-Fock method, followed by
wavefunction optimization with the Complete Active Space Self-
Consistent Field (CASSCF) approach. With the optimized wave-
function as a reference, the MRCI method, including the Davidson
correction (+Q),”® was employed to calculate the spin-orbit cou-
pling (SOC) splitting via the Breit-Pauli SOC operator.”” The choice
of the active space is crucial for MRCI calculations. The 5s5p orbitals
of Ta atom were treated as doubly occupied closed-shell orbitals,
while the 1s orbitals of C, N, and O atoms were frozen. The ten
active orbitals consisted of the 5d6s orbitals of Ta atom and the 2s2p
orbitals of C and N atoms. For TaO/TaO™ molecules, the doubly
occupied closed-shell orbitals included the 5s5p orbitals of Ta atom
and the 2s orbital of O atom, while the 1s orbital of O atom was
frozen. The nine active orbitals consisted of the 5d6s orbitals of Ta
atom and the 2p orbitals of O atom.

I1l. RESULTS AND DISCUSSION
A. Photoelectron imaging of TaC~

Figures 1(a) and 1(b) show the photoelectron spectra of TaC™
at a laser photon energy of hv = 19048 and 20492 cm™, respec-
tively, with the ion trap temperature at 15 K. The ground state of
TaC™ is (10)*(20)*(30)*(1n)* '=, while the neutral ground state
is (10)%(20)%(30)' (1m)* 2=*. Based on the extrapolation formulas
(2) and (3), the EA of TaC was calculated to be 2.135 eV, and the
vibrational frequency of the neutral ground state was calculated to
be 857 cm™! using the CCSD(T) method. Peak a in Fig. 1 corre-
sponds to the 0-0 transition from TaC™ to the ground electronic
state. The binding energy of peak a is the EA value and is determined
to be 16918(16) cm™! or 2.098(2) eV. The recent experimental EA
result 1.928(56) eV by Aravind et al. is not consistent with our
result.'*

The spacing between peaks a and b is equal to the vibrational
frequency of the neutral ground state and was measured as 782(23)
cm™". This is inconsistent with our computational results 857 cm™
using CCSD(T) and the experimental result 1064 cm ™" by Aravind
et al.'* However, it agrees with the recent experimental results by
Nakhate et al.,'' which reported a value of 769.1(1) cm™". Instead,
we calculated the potential energy curve of TaN using the MRCI cal-
culation with the spin-orbit coupling effect and then fitted it with
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a Morse potential.”” We obtained w, of TaC to be 784.5 cm™. This
value is in good agreement with our work and Nakhate et al. exper-
iment."" To assign these peaks, we simply followed the assignments
of previous high-resolution optical spectroscopic work. It is diffi-
cult to make an undisputed assignment using one electron transition
term due to the significant state mixing. The strong peaks d and e are
unexpected according to the normal Franck-Condon principle and
the single electron transition rule, which may be due to the coupling
of two vibronic states since their energies are very close. In Nakhate’s
article,'’ the intensity did not align with the normal FC simulation
either. The binding energies and assignment for peaks a—g are listed
in Table T along with a comparison with term energies determined
by LIF results by Nakhate et al."’

B. Photoelectron imaging of cold TaN~

Figures 2(a)-2(c) show the photoelectron spectra of TaN~
at photon energies hv = 16667, 19231 cm™', and 24390 cm™,

(a) hv=9398 cm™"

a | ¢cd
) I

(b) hv= 15354 cm™

f Cqm
el R jJMJ

(c) hv=16667 cm™ |

Relative Intensity

— 3

(d) hv=23810 cm™

T T T T T T T 1
0 3000 6000 9000 12000 15000 18000 21000 24000

Binding Energy(cm™)
FIG. 3. Photoelectron images and spectra of TaO~ at photodetachment ener-

gies (a) 9 398 cm~', (b) 15354 cm~", (c) 16667 cm~', and (d) 23810 cm~"
cryogenically cooled about 7 K. The double arrow indicates the laser polarization.
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TABLE Ill. Measured binding energy (BE), the energy shift from the ground-state of neutral TaO, the assignment, and the
anisotropy parameter §3 of each observed peak for TaO™ in Fig. 3. 8 values of peaks a—f are results at hv = 9398 cm~",
peaks g-m at hv = 15354 cm~", peaks n at hv = 16667 cm~", and peaks o—v at hv = 23810 cm™". Accurate optical shift
is the results obtained by Al-Khalili through the study of TaO using FTS and by Manke et al. and Tovar et al. using laser

excitation spectroscopy.”” 252

Peak BE (cm™')  Shift (cm™)

Accurate optical shift (em™)

Assignment B

a 4472(28)  —4147(32) A3D3 > X?A3,0-0 0
b 5718(23)  —2901(28) A’D; > X2A3,0-0  —0.3
¢ 6746(20)  —1873(26) A3D, >X%A350>1  -06
d 7296(19)  —1323(25) X% - X?*A30-0  —0.2
e 8321(19)  —298(25) X325 >X%A3,0>1 -0.3
f 8619(16) 0 0 X35 > X%A3,0-0 -0.1
g 9687(52) 1068(54) 1029.815 3(11)* X320 > X%A3p0>1 -0.5
h 10802(44)  2183(47) X35 > X% A3p0>2  —02
i 12141(30)  3522(34) 3 505.564 8 X35 > X%A520>0 04
j 13053(20)  4434(26) X3s " sa'T 00 1.4
k 13822(14)  5203(21) 1.2
I 14375(8)  5756(18) X35 —»a'T" 00 09
m 14801(8)  6182(18) 0.7
n 15331(38)  6712(41) X35y »ats 01 0
0 18376(31)  9757(35) X35 > A M,,0-0 -0.1
P 19691(25)  11072(30) 11 063%° X35 > A" M,,0-0 0
q 20653(22)  12034(27) 12 017%° X35y > A M0 1 0.2
r 20860(21)  12241(26) X35, > C*3,0-0 0
s 21609(19)  12990(25) X3%” > D200 0
t 22175(18)  13556(24) 13569.257 75(13)% X35 > C%*A32,0—-0 0
u 22937(17) 14318(23) 14 332.420 64(28)*¢ X3 >D2M;,0—->0 0.1
v 23146(16)  14527(23) X350 > C?A3p0 -1 0

respectively, with the ion trap temperature at 15 K. The green
curves in Fig. 2 represent the magnified results of the weak peaks
a and b by a factor of 5. Peak a corresponds to the 0-0 transi-
tion from the ground state TaN~ to the neutral ground, and its
binding energy, EA(TaN), is determined to be 12677(40) cm™L.
According to our experimental results listed in Table II and spec-
troscopic data of TaN by Bouchard et al,'” we can determine
that the final state of peak d, which has the minimum width,
is the neutral excited state a >A;(v = 1), which is 3837(4) cm™
higher than the neutral ground state X Is*(v = 0). As a result,
we can also obtain a more accurate EA value 12710(16) cm™
or 1.576(2) eV from the sharp peak d. This is in excellent
agreement with the recent experimental result of 1.574(1) eV by
Valdivielso.”!

The anionic ground state is (20)*(30)*(18)" A3, while the
neutral ground state is (20)?(30)* '=*. Based on formulas (2) and
(3), the EA of TaN was theoretically determined to be 1.376 eV
using CCSD(T)/CBS. It has a quite large deviation of 0.2 eV, or 4.61
kcal/mol from the experimental result. Peaks a and b are the pho-
todetachment result of a § molecular orbital from the ground state of
the anion 2A 372. 6 molecular orbital is similar to the atomic d orbital
with a very small photodetachment cross section, explaining why
peaks a and b are very weak. The energy gap between peaks a and b

corresponds to the vibrational frequency of TaN in its ground state.
The measured value is 1087(51) cm™!, in good agreement with the
calculated value of 1079 cm ™! using the CCSD(T) method, as well
as the experimental value of 1072.4(2) cm™! from the laser-induced
dispersed fluorescence spectra by Mukund et al.'® Ram et al. also
performed MRCI with spin-orbit coupling calculations of TaN.'”
Their computational results indicated that the TaN has five elec-
tronic states X '=*, A1, A, >As, and ' A, below 15000 cm ™! in the
energy order from low to high. Based on the theoretical calculations
and previous experimental results, the assignments of peaks a—g are
listed in Table I1."*"” For the strong peaks ¢ and e, the B values are
1.4 and 1.2 at hv = 24390 cm ™, respectively. This is consistent with
the photodetachment of a ¢ orbital, an atomic s-type like orbital. The
kinetic energy for peak d is close to zero at hv = 16667 cm™", much
lower than that of peak ¢, which is the reason why peak d has a very
different p value from that of peak c. It should be noted that it is still a
challenge to quantitatively calculate  values for these strongly corre-
lated systems. There is no simple straight method to explain { values
due to vibronic coupling and multi-reference characteristics of those
states at the current stage. Peaks h and i might be from the same
electronic state with a term energy of 8977(50) cm™. The energy
gap between peaks h and i is 1059(37) cm™}, close to the vibrational
energy of TaN at its ground state. However, its term energy 8977(50)
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FIG. 4. Energy levels related to the observed transitions of TaO and TaO~. The transition labels are the same as the indices of peaks in Fig. 3.
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cm™ is significantly different from the term energy 11925(5) cm™

of 'A, determined by Valdivielso.”’ At the current stage, we
cannot assign peaks h and i to any known states since there are
no other states in this energy range according to the calculation by
Fleig et al.’

C. Photoelectron imaging of cold TaO~

Figures 3(a)-3(d) show the photoelectron spectra of TaO™ at
photon energies hv = 9398, 15354, 16 667, and 23 810 cm”l, respec-
tively, with the ion trap temperature at 7 K. The green curves in
Fig. 3 represent the magnified results of the weak peaks by a fac-
tor of 5. The measured results and assignment for peaks a-v are
listed in Table I11, and they are compared with the results of previous
studies on TaO using FTS and laser excitation spectroscopy.””**”*
Figure 4 presents an energy level diagram of transitions from
TaO™ to TaO based on the identified peaks in Table III. The
ground state of TaO™ is (150)*(160)*(8m)*(48)*(170)* X *<7, while
(150)%(160)%(87)*(48)'(170)? 2As;, for the neutral ground state.
Based on the earlier results by the Zheng group and the theoreti-
cal calculations using CCSD(T)/CBS in the present work,” peak f is

assigned to the transition from the ground state of the negative ion
X %30 v =0 to the ground state of the neutral species X Aspv=0
with a § molecular orbital detached. This is consistent with the weak
intensity of peak f and its anisotropy parameter = —0.1. Peaks g and
h can be assigned as transitions X Aspv=1<X3%%" v =0and X
2Asp v=2« X557 v/ = 0, respectively. The binding energy of peak
f, measured from Fig. 3(a), is 8619(16) cm”!, which corresponds
to the electron affinity of TaO. By increasing the photodetachment
laser energy, we have observed numerous new peaks. This repre-
sents the most complex spectrum of diatomic anions observed so far
in our experiment. Our current MRCI calculation is inadequate for
identifying the transitions associated with these peaks. Fortunately,
through FTS experiments conducted by Al-Khalili et al. and Manke
et al. have accurately determined some excited states of TaO, includ-
ing X 2A5/2(V = 0), AI 2H1/2(V = 0), C 2A3/2, and D 2H1/2(V = 0), Which
are higher in energy than the ground state by 3505.5648, 11063,
13569.257 75(13), 14332.42064(28) cm™', respectively.”””” "'
The sharp strong peaks ¢ and u in Fig. 3(d) correspond to the tran-
sitions X°%p~ 0 — C 2A3/2 0and X’3," 0 - D 21—[1/2 0. Thus, we
can also use peaks t and u to determine the EA value. The binding
energy of peak f is measured to be 22175(18) cm™!, and C %A, is
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TABLE IV. Experimental and theoretical EA values (eV), vibrational frequencies we (cm~"), and equilibrium bond lengths re (A) for TaX (X = C, N, O) molecules in comparison

with previous studies.

TaC™ TaC TaN"~ TaN TaO™ TaO
Previous results
EA calcd 1.917,'4 2.24"2 1.79 0.998%
we calc’d 925,14 748" 1098,°° 1049'° 1036.6,°' 1070,” 1034,' 1036.5*
EA exp. 1.928(56)'* 1.574(1)* 1.070(60)*
We €XP. 1064,"* 769.1(1)"! 1102.7,°* 1070, 1028.69,>> 1028.9060(15),*
1064.3,'° 10737 1028.8937(11)>
This work
EA calcd 2.085" 1.376" 1.049°
re calc’d” 1.754° 1.710° 1.696"
we calc’d 987" 857, 784.5¢ 1105° 1079° 937" 1040°
We exp. 782(23) 1087(51) 1068(54)
16918(16)° 12710(16)° 8619(16)°

EA exp. 2.098(2)" 1.576(2)" 1.069(2)"
*Unit eV.
®Method CCSD(T)/CBS.
“Method CCSD(T)/aug-cc-pVTZ(PP).
4MRCI-SO.
*Unitcm ™.

13569.257 75 (13) cm™ higher than the ground state. As a result,
EA(TaO) = 22175(18) — 13569.257 75(13) = 8605(18) cm™'. The
binding energy of peak u is measured to be 22 937(17) cm ™', and D
2H1/2 is 14 332.420 64(28) higher than the ground state. As a result,
EA(TaO) = 22937(17) — 14 332.420 64(28) = 8605(17) cm™". The EA
value of TaO from these three peaks is self-consistent. Since peak f
has the minimum width, we recommend 8619(16) cm™" or 1.069(2)
eV for EA(TaO).

The energy gap between peaks f and g determined the vibra-
tional frequency w. of the ground state X 2Asp2 of TaO as 1068(54)
cm™!, consistent with the measurement by Cheetham and Barrow
in the gas phase w. = 1028.69 cm™.2? In addition, the computed
value 1039.5 cm™ using the CCSD(T) method is also in agree-
ment. According to MRCI calculations, the splitting of the neutral
ground state X 2A into 2As and 2As;, is 3109 cm™', while the
splitting of (150)*(160)*(8m)*(48)*(170)" a*T™ is very small, with
a term energy 6544 cm™' higher than the ground state. Based on
this, the spectroscopic transitions and vibrations for peaks i, /, and n
can be identified. Furthermore, we conducted extensive variations
in the trapping period and buffer gas density and found that the
peaks j and k in Fig. 3(b) originate from an excited state of the
anion. Based on B values and intensities, we assigned peaks d, e,
j» 0, 1, and s to transitions involving a o orbital photodetachment
from the ground state of the anion, leading to X 3%,7. Due to lim-
itations in computational hardware and the complexity of anionic
states, our MRCI calculations of TaO™ do not align with the exper-
imental data. We tentatively identify peaks a-d using the states of
its isoelectronic TaF as described by Ng et al.°? In addition, bene-
fiting from the ultra-high resolution of the cryo-SEVI method, we
re-assigned the peaks in the photoelectron spectra of TaO™ reported
by Zheng et al.*> We found that peak M should be assigned to A’
2H1/2, peak O to D 21'11/2 rather than B 2(D5/2, and peak P to C 2A3/2

rather than C ?IT3/,. In addition, we identified previously unassigned
peaks A, F, L, N, and Q, following the capital-letter notations used by
Zheng et al.** Detailed results of these assignments are presented in
Table III.

Table IV summarizes the experimental and theoretical val-
ues for the EAs, vibrational frequencies we, and equilibrium bond
lengths r. for the TaX (X = C, N, O) molecules in comparison with
previous studies.

IV. CONCLUSIONS

In conclusion, we investigated the complex states of TaX™ and
TaX (X = C, N, O) using the high-resolution cryo-SEVI method
jointed with the high-level ab initio calculations. We determined
EAs of TaC, TaN, and TaO to be 2.098(2), 1.576(2), and 1.069(2)
eV, respectively. In addition, the experimental EAs of TaX (X = C,
N, O) molecules were compared with values calculated using the
CCSD(T)/CBS method. To reliably interpret the experimental spec-
tra, we also conducted MRCI calculations to identify the excited
states and determine the vibrational frequencies. We observed sev-
eral new excited states of these molecules, and some of them cannot
be assigned to any known states at the current stage.

Despite the highly accurate CCSD(T)/CBS method, there
remains an approximate deviation of 4 kcal/mol between the the-
oretical calculations and experiments. This discrepancy is attributed
to Tabeing a 5d metal, requiring the inclusion of spin-orbit coupling
and electron correlation effects. Simple scalar relativistic or pseu-
dopotential calculations are not sufficiently accurate. This work can
help us understand the 5d transition metal compounds and encour-
age further experimental and theoretical research into the unique
electronic structures of this compound family.
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