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Abstract:  Three undercoordinated iridium chloride anions, IrCln
– (n = 3–5), and their 21 

neutral counterparts were investigated by cryogenic anion photoelectron spectroscopy 22 

and theoretical calculations. Photodetachment of IrCln
– leads to formation of the 23 

corresponding neutral complex, i.e., a triplet ground state for n = 3, a quartet for n = 4, 24 

and close-lying singlet and triplet for n = 5. The vertical detachment energies are 25 

determined to be 3.89, 4.98, and 5.14 eV for n = 3, 4, and 5, respectively, revealing 26 

superhalogen anion properties with increasing electron detachment energies as chloride 27 

ligands added. The IrCl3
– spectrum features an extremely broad, lowest electron binding 28 

energy band, attributed to resonant autodetachment with prominent non-Franck–29 

Condon profiles. In IrCl5
–, detachment prompts a d-orbital rearrangement that drives a 30 

structural transformation from a twisted square-based pyramidal (SBP) to a trigonal-31 

bipyramidal (TBP) geometry in the singlet state. These findings provide insights into 32 
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the electronic and structural adaptability of iridium halides, advancing our 1 

understanding of ligand exchange reactions and dissociative stability in transition metal 2 

complexes. 3 

Introduction 4 

Iridium is renowned as the most corrosion-resistant metal and one of the rarest 5 

elements, making it highly valuable across various fields.[1] Its exceptional ability to 6 

form stable bonds with diverse molecules and ions has enabled the development of 7 

versatile iridium complexes with extensive applications in cancer therapy,[2-6], cell 8 

imaging,[7-10] catalytic oxidation,[11-15]electroluminescent devices,[16-19] and beyond.[20-9 
22]  10 

Given the broad utility of iridium complexes, substantial experimental and 11 

theoretical studies have been performed on iridium halides as archetypal coordination 12 

complexes. These studies aim to elucidate their physicochemical properties, including 13 

geometries, electron affinities, electronic configuration, bonding characteristics, and 14 

more.[23-32] For instances, in 1978, Clark et al. investigated the absorption spectra of 15 

IrCl6
2– and IrBr6

2– in solution using resonance Raman spectroscopy.[23] Wang and Wang 16 

employed negative ion photoelectron spectroscopy (NIPES) to study the isolated 17 

hexahalogenometallate dianions [ML6]
2– (M=Re, Os, Ir, Pt; L=Cl and Br) generated via 18 

electrospray ionization (ESI), providing rich electronic structure information for these 19 

classical transition-metal halide complexes with direct estimates of their repulsive 20 

Coulomb barriers (RCBs) along the electron detachment coordinates[25]. Marcum et al. 21 

examined the photodissociation behavior of IrBr6
2– in both solution and the gas phases, 22 

observing distinct solvatochromic shifts under visible and ultraviolet light irradiation.[26] 23 

Despite these advances, most research has focused on coordinatively saturated iridium 24 

halides and their photodissociation mechanisms, leaving undercoordinated iridium 25 

halides largely unexplored. These undercoordinated species, however, emerge as 26 

crucial intermediates in iridium related cancer therapeutics and catalysis. Therefore, it 27 

is highly desirable to study their geometries, electronic structures, and photochemical 28 

reactions to shed light on the fundamental chemical transformations and underlying 29 

therapeutic mechanisms. 30 

Over the years, NIPES has become a powerful spectroscopic means for studying 31 

geometrical and electronic structures of anions, exploring quantum chemical reaction 32 

dynamics, and probing noncovalent host-guest interaction strengths.[33-37] Herein, we 33 

report a combined experimental and theoretical investigation of three-, four-, and five-34 

coordinated iridium chloride anions IrCln
– (n = 3–5) using a custom-built cryogenic 35 

anion cluster photoelectron spectroscopy (CRACPES) apparatus.[37] By optimizing the 36 

voltage parameters of a dual ion funnel system, we efficiently generated adequate 37 

amounts of target anions that would be otherwise challenging to produce. The vertical 38 

(VDE) and adiabatic detachment energies (ADE) of IrCln
–, derived from the 39 

photoelectron spectra, increase with the number of chloride ions, and are well 40 
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reproduced by density functional theory (DFT) calculations. Upon interaction with a 1 

laser field, IrCln
– (n = 3–5) anions can undergo two distinct excitation processes 2 

depending on the photon energy: direct photodetachment and resonant excitation. In the 3 

direct photodetachment pathway, photon absorption results in the prompt ejection of an 4 

electron from the anion, leading to the formation of a neutral species. This process 5 

typically occurs within the Franck–Condon region and accounts for the majority of the 6 

signals observed in conventional photoelectron spectroscopy.[38-42] Alternatively, when 7 

the photon energy matches a resonant electronic transition of the anion, excitation to an 8 

electronically excited anionic state can take place. Such excited states are often 9 

metastable and can relax via two competing mechanisms: autodetachment, wherein the 10 

excited anion spontaneously emits an electron and transitions to a neutral ground state, 11 

and photodissociation, wherein the excited anion dissociates into smaller fragments. In 12 

certain cases, fragment anions produced by photodissociation may subsequently absorb 13 

additional photons and undergo further direct photodetachment.[25, 43] Therefore, the 14 

characteristics of Cl anion was observed in the spectra of IrCl4
– and IrCl5

–. Franck-15 

Condon simulations and molecular orbital analyses reveal resonant autodetachment in 16 

IrCl3
–, and detachment-induced rearrangement of the d-orbitals in IrCl5

– that leads to a 17 

singlet ground state with an extremely close-lying triplet for the corresponding neutral.  18 

Experimental and Computational Methodologies 19 

CRACPES Experiments 20 

The detail of the CRACPES setup was reported in a previous publication,[44] and 21 

only the essential experimental parameters relevant to the current study are given here. 22 

Briefly, a 2 mM dry acetonitrile solution of (NH4)2IrCl6 (Shanghai Yuanye Bio-23 

Technology) was prepared and sprayed with a 2 μL/min pump rate and −2.25 kV 24 

voltage. After desolvation in a heated capillary, the target anions IrCln
– (n = 3−5) were 25 

generated via collision-induced dissociation (CID) of the parent [IrCl6]
2– dianions in a 26 

two-stage ion funnel by carefully tuning the corresponding DC gradients and RF peak-27 

to-peak voltages, subsequently guided and mass-selected using two quadrupole mass 28 

filters. These fragment “hot” anions were then cooled and enriched in a cryogenic two-29 

stage linear ion trap (set at 13 Kevin) downstream through collisions with cold helium 30 

buffer gas. The cryogenically cooled anions were extracted out from the trap, mass-31 

selected in a time-of-flight (TOF) mass spectrometer, underwent momentum 32 

deceleration to minimize Doppler broadening, and interrogated with 193 nm photons in 33 

the interaction zone. The resulting photoelectrons were collected and analyzed using a 34 

magnetic-bottle type photoelectron spectrometer. The laser was running at 50 Hz while 35 

the anions were pulsed out at 25 Hz to afford shot-to-shot background subtraction. The 36 

TOF photoelectron spectrum was calibrated using the known I– [45] and MnO4
– [46] 37 

spectra with an energy resolution (ΔE/E) of 1.9 % (i.e., 30 meV full width at half 38 

maximum for the electrons with kinetic energy of 1.60 eV). The experimental VDE was 39 
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determined from the peak maximum of the first band (lowest electron binding energy 1 

(eBE)) in the spectrum, while the ADE was estimated by drawing a straight line along 2 

the rising edge of the first band and adding the instrumental resolution to the 3 

intersection point with the eBE axis. 4 

Computational Methods  5 

The initial geometries of IrCln
– (n = 3−5) anions and corresponding neutrals were 6 

constructed according to the general molecular orbital theory of transition metal (TM) 7 

complexes.[47] These structures under different spin multiplicities were fully optimized 8 

by density functional theory (DFT) using the hybrid B3LYP-D3(BJ) exchange-9 

correlation functional[48, 49] that has been widely employed for 5d TM complexes.[27-30, 10 
50-53] The aug-cc-pVTZ basis set was used for Cl atoms,[54] while the effective core 11 

potential (ECP) basis set aug-cc-pVTZ-pp was adopted for Ir atom,[55] to account for 12 

the scalar relativistic effects.[55-58] Harmonic vibrational frequencies were calculated to 13 

confirm the absence of imaginary frequencies in the optimized geometries. Single-point 14 

energy calculations for IrCln
– anions and neutrals were subsequently computed by 15 

coupled cluster calculations with single, double, and perturbative triple excitations 16 

(CCSD(T))[59] using the same basis sets. The ADE was calculated as the energy 17 

difference between the neutral and anion at their respective optimized geometries with 18 

zero-point-energy (ZPE) corrections, while the VDE was calculated as the energy 19 

difference of the neutral and anion both at the optimized anion structure. Additionally, 20 

natural bond orbital (NBO) charge distributions, charge density differences (CDD), 21 

spin natural orbitals (SNO), and molecular orbital (MO) analyses were conducted at the 22 

B3LYP-D3(BJ)//aug-cc-pVTZ-(pp) level for each anion and corresponding neutral. 23 

However, spin-orbit coupling was not included in the calculations, which might affect 24 

the accuracy of the computed excited-state energies.[60-62] All calculations were 25 

conducted using the GAUSSIAN16 software packages,[63] while Multiwfn[64] and VMD 26 

tools[65] were employed for NBO, CDD, SNO, MO analyses and visualization. Frank-27 

Condon factors (FCFs) were simulated using the ezSpectrum program.[66] 28 

Results and Discussion 29 

Photoelectron Spectra of IrCln
– (n = 3−5) 30 

The NIPE spectra of IrCln
– (n=3−5) irradiated by a 193 nm laser with the trap 31 

temperature set at 13 K are shown in Figure 1. Six spectral bands are observed in the 32 

eBE range of 3.5-6.4 eV for n = 3 (labelled as X, A-E in the ascending eBE order), 33 

while six peaks are seen between 4.8 and 6.4 eV for n = 4, and only four bands are 34 

resolved starting from eBE = 5.1eV for n = 5. Additionally, a peak at eBE = 3.62 eV is 35 

clearly seen in each of the n = 4 and 5 spectrum, corresponding to photodetachment of 36 

Cl–, a photodissociation product of IrCl4
– and IrCl5

–, reported by Wang and Marcum et 37 
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al as well.[25, 28] Close inspection of the rising edge of the X band in IrCl3
– reveals a 1 

shoulder at eBE ~ 3.6 eV, indicating that this photodissociation-photodetachment Cl– 2 

may also occur to certain degree. The rising slope of the X band in the n = 3 spectrum 3 

is appreciably smaller compared to those for n = 4 and 5. The experimental VDEs are 4 

measured from the maximum of each X band to be 3.89, 4.98, and 5.14 eV, while the 5 

corresponding ADEs, estimated from the X band threshold are 3.57, 4.76, and 4.99 eV, 6 

for n = 3−5, respectively (Table 2). The eBE of IrCln
– increases with the number of Cl–, 7 

and clearly exceeds the electron affinity of the Cl atom beyond n = 3. We performed 8 

density-of-states (DOS) simulations based on Koopmans' approximation for IrCl₃⁻, 9 

IrCl₄⁻, and IrCl₅⁻. As shown in the Figure 1, the blue stick spectra represent the 10 

simulated DOS of neutral states accessible via photodetachment. These simulations 11 

qualitatively reproduce the overall envelope of the experimental spectra (red curves), 12 

particularly in the regions beyond the vibrationally structured X bands. 13 

 14 
Figure 1. Cryogenic photoelectron spectra of IrCl3

–
 (a), IrCl4

–
 (b), and IrCl5

–
 (c) recorded with 193 15 

nm photons and at 13 K temperature. Density of states (blue sticks) of each anion were simulated at 16 

the B3LYP(BJ)/aug-cc-pVTZ-(pp) level. 17 

Geometrical Structures of IrCln
–/0 (n = 3−5)  18 

Table 1 summarizes the B3LYP-D3(BJ)/aug-cc-pVTZ-(pp) optimized lowest-19 

energy geometries of the IrCln
–
 anions and neutrals with their spin multiplicities, bond 20 

lengths (in Å) and bond angles (in degrees) listed. Identical numbering is used for the 21 
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Cl ligands with equivalent Ir-Cl bond lengths and roles within the molecular structure.  1 

Table 1. B3LYP−D3(BJ)/aug−cc−pVTZ−(pp) optimized structures of the lowest energy anions 2 

IrCln
– (n = 3−5) and their corresponding neutrals. 3 

Anions/Neutrals IrCl3
– IrCl3 IrCl4

– IrCl4 

Spin Multiplicity doublet Triplet
#
 triplet Quartet

#
 

Optimized 

geometries 

 

 

 

 

 
 

 

 

 

Ir−Cl(1) 2.273 2.205 2.299 2.244 

Ir−Cl(2) 2.291 2.201 2.299 2.244 

∠Cl(1)−Ir−Cl(2) 95.8 103.2 90.0 90.0 

∠Cl(2)−Ir−Cl(2) 168.4 153.5 180.0 180.0 

Anions/Neutrals IrCl5
– IrCl5 IrCl5 

Spin Multiplicity doublet singlet triplet 

Optimized 

geometries 

 

 

 

 

 

 
 

Ir−Cl(1) 2.223 2.183 2.189 

Ir−Cl(2) 2.371 2.183 2.280 

Ir−Cl(3) 2.284 2.351 2.280 

∠Cl(1)− Ir−Cl(2) 92.6 120.0 101.0 

∠Cl(2)− Ir−Cl(2) 174.9 120.0 158.0 

∠Cl(1)− Ir−Cl(3) 104.4 90.0 101.0 

∠Cl(2)− Ir−Cl(3) 89.4 90.0 87.9 

∠Cl(3)− Ir−Cl(3) 151.2 180.0 158.0 
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# The corresponding lowest energy singlet for the n=3 and doublet for the n = 4 are predicted 1 

to be triangular pyramid and saddle shape which are less stable by 0.23 and 0.28 eV, 2 

respectively.  3 

The ground state of IrCl3
– adopts a T-shaped planar structure with a doublet spin 4 

multiplicity. The Ir-Cl bond lengths are 2.273 Å for the apical bond and 2.291 Å for the 5 

basal bond. Upon electron detachment, the most stable neutral IrCl3 assumes a Y-shaped 6 

structure with a triplet spin multiplicity, where the apical and basal Ir-Cl bond lengths 7 

contract to 2.205 and 2.201 Å, respectively. Its singlet analog is predicted to be a 8 

triangular pyramid structure, less stable by 0.23 eV (Figure S1). 9 

For IrCl4
–, the lowest-energy structure has a triplet square planar geometry, with 10 

the Ir atom centrally positioned within a square formed by four equivalent Cl ligands, 11 

each with an Ir-Cl bond length of 2.299 Å. Following electron detachment, the ground 12 

state of the neutral IrCl4 retains a square planar geometry with a quartet spin multiplicity, 13 

and the bond lengths decrease to 2.244 Å. The doublet IrCl4 is calculated to have a 14 

saddle shape and lie 0.28 eV higher in energy (Figure S1). 15 

IrCl5
– adopts a twisted square-based pyramidal (SBP) geometry with a doublet spin 16 

multiplicity, where the four Cl ligands forming the base are non-coplanar, and the Ir-Cl 17 

bonds along the diagonal are equivalent. Upon electron detachment, two close-lying 18 

isomers are found for the neutral IrCl5 with the lowest energy structure being singlet 19 

and 30 meV (0.69 kcal/mol) more stable than its triplet counterpart (Figure S1). 20 

The singlet IrCl5 adopts a trigonal-bipyramidal (TBP) structure, characterized by 21 

three equatorial Cl ligands with bond angles of 120° and two axial Cl ligands 22 

perpendicular to the equatorial plane. In contrast, the triplet IrCl5, which is 30 meV 23 

higher in energy than the singlet IrCl5, retains an SBP geometry with the Ir atom 24 

displaced above the square base and the apex/base Ir-Cl bond length of 2.189/2.280 Å. 25 

Interestingly, among the two neutral IrCl5 isomers, the triplet state, despite having 26 

slightly higher energy, more closely mirrors the structural characteristics of the doublet 27 

IrCl5⁻ anion, both in bond lengths and bond angles, compared to the singlet TBP neutral 28 

state. 29 

Calculated VDEs and ADEs of IrCln
– (n = 3−5) 30 

Table 2. Experimental and theoretical ADEs and VDEs calculated at the CCSD(T)/aug-cc-pVTZ(-31 

pp) level of theory.  32 

   Value 

Anion 
a
 

VDE (eV) ADE (eV) 

Calc. Exp. Calc. Exp. 

IrCl3
– (to singlet) 4.80 

3.89 ± 0.05 
3.61 

3.57 ± 0.05 
b
 

IrCl3
– (to triplet) 3.77 3.38 

IrCl4
– (to doublet) 5.87 

4.98 ± 0.05 
4.74 

4.76 ± 0.05 
IrCl4

– (to quartet) 4.65 4.46 
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IrCl5
– (to singlet) 5.36 

5.14 ± 0.05 
4.90 

4.99 ± 0.05 
IrCl5

– (to triplet) 5.16 4.93 

a The anion transitions shown in bold fond are those that contribute to the experimental X bands. 1 
b The number only represents an experimental apparent ADE since the onset threshold signal of 2 

IrCl3
– is significantly influenced by a resonant autodetachment process (see the discussion below of 3 

Fig.3). 4 

Based on the above optimized lowest-energy structures, the CCSD(T)/aug-cc-pVTZ(-5 

pp) ADEs and VDEs were calculated and compared with the experimental values in 6 

Table 2. For IrCl3
– and IrCl4

–, the calculated values are slightly smaller than the 7 

experimental measurements by 0.1-0.2 for the former and 0.3 eV for the latter. For 8 

IrCl5
–, because there exist two close-lying, yet distinct transitions corresponding to the 9 

singlet and triplet neutral state that could contribute to the experimental X band, we 10 

computed two sets of ADE and VDE. The calculated ADEs for both excitations align 11 

closely with the experimental value. However, the VDE calculations indicate a clear 12 

better match with the experimental data for the transition to the isomeric triplet IrCl5 13 

that is higher in energy rather than to the most stable singlet state. This abnormality 14 

warrants further examination and will be discussed in detail below. 15 

NBO Charge Distribution and CDD Analyses 16 

To help elucidate the relevant photodetachment processes, we conducted NBO 17 

charge distribution and charge density difference (CDD) analyses for each anion and its 18 

corresponding neutral species. Table 3 provides the NBO charge distributions of IrCln
–19 

/0 along with the component charge contributions of Ir and Cln ligands during both 20 

vertical and adiabatic detachment processes. For all anions, the excess negative charge 21 

is primarily localized on the Cl ligands, from which the photoelectron is predominately 22 

detached. The central Ir atom retains a positive charge in IrCln
– due to the strong 23 

electron-withdrawing nature of the Cl ligands. The central Ir atom also loses noticeable 24 

negative charges in the photodetachment of IrCl3
– and IrCl4

–, while no appreciable 25 

charge difference on Ir is found for IrCl5
–. Notably, Ir loses a greater negative charge 26 

during the vertical detachment than that in the adiabatic process, suggesting that the 27 

geometry relaxation transfers certain electron density from the ligands back to the 28 

central metal atom.  29 

Table 3. The B3LYP-D3(BJ)/aug−cc−pVTZ(−pp) calculated NBO charge distributions in IrCln
– and 30 

IrCln (n = 3−5) for both vertical and adiabatic detachment processes.   31 

Anions Ir Cln (n =3−5) Neutrals Ir(Vert./Adia.) 
Cln (n =3−5) 

(Vert./Adia.) 

IrCl3
–
 0.19 −1.19 IrCl3 (triplet) 0.48/0.36 −0.48/−0.36 

IrCl4
–
 0.22 −1.22 IrCl4 (quartet) 0.30/0.21 −0.30/−0.21 
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IrCl5
–
 0.03 −1.03 

IrCl5 (singlet) 0/−0.11 0/0.11 

IrCl5 (triplet) 0.05/−0.05 −0.05/0.05 

 1 

The CDD analysis supports the above NBO results, revealing that the detached 2 

electron originates predominately from the Cl ligands, as illustrated in the left panel of 3 

Figure 2. A reduction in charge density on the Cl ligands is observed across all three 4 

anions, while the central Ir atom exhibits regions of both charge accumulation and 5 

depletion. These CDD patterns closely resemble the respective calculated HOMO of 6 

the IrCln
– (n=3,4) and HOMO/HOMO-1 of IrCl5

– anions (Figure 2 right), indicating 7 

that the experimental X band in the PES measurement originates from photodetachment 8 

of the HOMO and HOMO-1 electrons in the anions. For a more comprehensive view 9 

of the molecular orbital distributions involved, readers are referred to the Supporting 10 

Information (Table S1). 11 

FCF Simulation 12 

To better interpret the vibrational structures observed in the experimental spectra, 13 

Franck–Condon factor (FCF) simulations were performed for the X states of IrCl₃⁻ and 14 

IrCl₄⁻, as well as the singlet and triplet states of IrCl₅⁻. As shown in Figure 3, the 15 

simulated stick spectra were grouped based on dominant vibrational mode contributions 16 

and broadened using a Gaussian function with a full width at half maximum (FWHM) 17 

of 30 meV. The red curves represent the experimental spectra, the blue curves are 18 

broadened fits of the total stick spectra, and sticks with different colors correspond to 19 

different vibrational progressions. The detailed vibrational assignments are provided in 20 

Tables S2–S4 and the vibrational modes involved in each transition are visualized in 21 

Figure S4. 22 

For the IrCl₃⁻ X state, the FCF simulation reveals four types of vibrational 23 

transitions: 0(0) → 1(iν₃,1ν₄), 0(0) → 1(jν₃,2ν₄), 0(0) → 1(kν₃,3ν₄), and 0(0) → 24 

1(mν₃,1ν₆). The dominant modes include ν₃ (a Cl–Ir–Cl bending mode), ν₄ (an Ir–Cl 25 

asymmetric stretching mode), and ν₆ (an Ir–Cl symmetric stretching mode). These 26 

features indicate significant vibrational coupling and are consistent with the 27 

displacement vectors between the anion and the neutral species. 28 

For IrCl₄⁻, two main vibrational transitions contribute to the X band: 0(0) → 1(iν₁) 29 

and 0(0) → 1(jν₉). Here, ν₉ corresponds to a symmetric stretching of Ir–Cl bonds, 30 

while ν₁ involves asymmetric bending of two Cl–Ir–Cl units. Although the neutral IrCl₄ 31 

molecule retains a nearly planar geometry upon detachment, all Ir–Cl bonds are 32 

shortened, which aligns well with the nature of ν₉ and explains its dominant contribution. 33 

The singlet state of IrCl₅⁻ exhibits transitions dominated by ν₁ and ν₆ modes, namely 34 

0(0) → 1(iν₁) and 0(0) → 1(jν₁,1ν₆). Both are associated with coupled and complex 35 

bending motions. 36 
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For the IrCl₅⁻ triplet state, multiple coupled modes contribute to the vibrational 1 

progression. These include ν₁ (non-symmetric Cl–Ir–Cl bending), ν₄ (symmetric Cl–Ir–2 

Cl bending), and ν₁₁ and ν₁₂ (Ir–Cl symmetric stretching modes), leading to transitions 3 

such as 0(0) →  2(iν₁), 0(0) →  2(jν₁,1ν₄), 0(0) →  2(kν₁,1ν₄,1ν₁₂), and 0(0) → 4 

2(mν₁,1ν₄,1ν₁₁,1ν₁₂). These transitions are clearly distinguishable in the experimental 5 

spectrum and correspond well with the computed structural differences between the 6 

anionic and neutral species. 7 

Direct detachment and resonant autodetachment of IrCl3
–  8 

The electron affinity (EA) of IrCl3 is estimated by the onset of the first band. 9 

However, the broadness of the X band, particularly the pronounced low-binding-energy 10 

tail, warrants a detailed analysis to better determine the EA. The photodetachment  11 

induces substantial structural changes, including bond length reductions of 0.068 and 12 

0.07 Å, an increase in the ∠Cl(1)−Ir−Cl(2) angle by 7.4°, and a decrease in the ∠13 

Cl(2)−Ir−Cl(2) angle by 14.9°, rendering the true 0–0 vibrational transition largely 14 

inaccessible. As shown in Figure 3(a), Franck–Condon factor (FCF) simulations for 15 

IrCl3
– produce a fairly broad, but much narrower spectral profile compared to the 16 

experimental X band, indicating these geometric effects alone cannot account for the 17 

observed broadening of the X band, particularly the gray-shaded region in Figure 3(a).  18 

This discrepancy remains across different temperature assumptions as higher 19 

temperatures produce negligible changes in the spectral width (Figure S2). This implies 20 

that temperature-induced hot-band excitations are not a significant factor, and rules out 21 

hot-band excitation as a plausible explanation. To further assess whether instrumental 22 

resolution contributes to the observed broadening, we performed FCF simulations using 23 

Gaussian convolution widths of 30 meV (close to instrumental resolution), 50 meV and 24 

75 meV. As shown in Figure 3(a) and Figure S3, regardless of the Gaussian convolution 25 

width used, the simulated spectra (blue traces) remain significantly narrower than the 26 

experimental X band (red trace), ruling out resolution effects as the primary cause. 27 

In the absence of a tunable laser source, we instead calculated the TDDFT 28 

absorption spectrum of IrCl₃⁻, which exhibits strong transitions near 193 nm, indicating 29 

resonant absorption at the experimental photon energy. This suggests that the incident 30 

UV photons may promote the anion to an excited electronic state that undergoes 31 

nonadiabatic coupling with the neutral state, leading to autodetachment. Provisionally, 32 

we attribute the broadening to resonant autodetachment processes, supported by a 33 

mechanism previously reported for similar spectral anomalies.[67-69] For example, in 34 

previous fixed-frequency photodetachment studies on dianionic and fullerene systems, 35 

similar broadened low-eBE signals were assigned to resonant autodetachment 36 

processes, which typically produce weak or non-FC-like features. In our case, the 37 

overlap between the absorption band and the photon energy, combined with significant 38 

geometry changes and unmatched spectral envelopes, similarly supports the assignment 39 

of the gray-shaded portion of the X band to such a mechanism. 40 

 41 
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 1 

Figure 2. Charge density differences (left panel) in the vertical photodetachment transitions for 2 

IrCl3
–
 (doublet) → IrCl3 (triplet) (a), IrCl4

–
 (triplet) → IrCl4 (quartet) (c), IrCl5

– (doublet) → 3 

IrCl5 (triplet) (e), and IrCl5
– (doublet) → IrCl5 (singlet) (g) along with their respective HOMOs of 4 

IrCl3
– (b), IrCl4

–
 (d), IrCl5

– (f) and HOMO-1 of IrCl5
– (h) (right panel, see Table S1 for more frontier 5 

molecular orbitals). Color Red (blue) represents the decrease (increase) in charge density with 6 

an isovalue of 0.005 au. The Calculations are conducted at the B3LYP-D3(BJ)//aug-cc-pVTZ-(pp) 7 

level. 8 

Time-dependent DFT (TDDFT) calculations support this hypothesis, revealing a 9 

strong absorption feature near 193 nm (Figure S3(a)), consistent with resonant 10 

excitation. This process allows IrCl3
– to absorb a photon and transition to an excited 11 

vibrational manifold of the anion, rather than undergoing direct photodetachment. 12 

Large-amplitude nuclear motions in these resonant states enable electron detachment 13 

that can be projected across a wide range of vibrational levels in the final neutral IrCl3 14 

surface, including highly excited vibrational states not accessible via direct detachment. 15 

Thus, band X contains contributions from direct photodetachment and resonant 16 

autodetachment that account for both the low-binding-energy tail and the additional 17 

spectral features observed at higher binding energies. A schematic of this process is 18 

shown in Figure 4(a). 19 
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 1 

Figure 3. Franck−Condon factor (FCF) simulated spectrum of IrCl3
– (a), IrCl4

– (b), and IrCl5
– (c) 2 

superimposed onto the experimental spectrum. The simulated stick positions and intensities of the 3 

0-0 bands have been set to match those in the experimental spectra. Detailed assignments for the 4 

involved vibrational excitations are provided in Table S2-S4. The FCF spectra are performed at the 5 

(U)B3LYP/6-311+G(2df) level of theory, and the Gaussian broadening is 30 meV. 6 

Unlike IrCl3
–, as shown in Figure 3(b), the simulated FCF profile of IrCl4

– anions 7 

match the experimental spectrum well, and no evidence of resonant autodetachment 8 

processes was observed. This is consistent with the anion absorption spectrum (Figure 9 

S3(b)) calculated using TDDFT, which shows no absorption peaks near 193 nm. 10 

In the X band of IrCl5
–, as shown in Figure 1(c), a noticeable shoulder is observed 11 

in the 5.0 – 5.1 eV eBE range. Since IrCl5
– does not show resonant absorption at 193 12 

nm (Figure S3(c)), and the temperature-dependent FCF simulations also rule out the 13 

possibility of this bump originating from hot band excitation, we attribute this spectral 14 

feature to the excitation of IrCl5
– from its doublet state to the singlet state (1A) of IrCl5. 15 

As discussed earlier, the triplet state (3B) of the neutral, despite slightly higher in energy 16 

than the singlet state, mirrors more closely the structure of the doublet IrCl5
– anion, 17 

compared to the singlet state. Consequently, the Franck–Condon overlap between the 18 

doublet ground state of the anion and the triplet state of the neutral species is 19 

significantly greater than that with the singlet state (Figure 3(c)), accounting for the 20 

observed weak signals in eBE = 5.0-5.1 eV. A schematic excitation diagram is shown 21 

in Figure 4(b), in which the VDE to the singlet is 200 meV higher than that to the triplet, 22 

although the ADE to the former is 30 meV smaller than the latter (also see Table 2). 23 
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1 

Figure 4. (a) The schematic diagram of autodetachment and direct photodetachment of IrCl3
–. (b) 2 

Schematic diagram of photodetachment of IrCl5
–. 3 

The d-orbital rearrangement upon detachment leads to structural transformation 4 

in IrCl5 5 

 6 

Figure 5. The rearrangement of d−orbital after photodetachment. 7 

To further investigate the structural transformation during the detachment of IrCl5
–, 8 

the frontier molecular orbitals (FMOs) with significant Ir d-orbital contributions are 9 

illustrated in Figure . The IrCl5
– anion can be nominally regarded as derived from an 10 

octahedral complex by the removal of one ligand. The five d-orbitals are divided into 11 

three nonbonding degenerate MOs (dxy, dxz, dyz) and two antibonding degenerate 12 
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MOs (𝑑𝑥2−𝑦2, 𝑑𝑧2) under octahedral coordination. The removal of a ligand along the 1 

z-axis reduces an antibonding interaction, stabilizes the 𝑑𝑧2 orbital and causes a slight 2 

energy splitting between the 𝑑𝑥2−𝑦2 and 𝑑𝑧2 orbitals. Structurally, IrCl5
– adopts a 3 

distorted square-based pyramidal (SBP) geometry, with the extra electron disrupting 4 

the x-y plane balance and twisting the basal chlorine ligands out of coplanarity with the 5 

central Ir. 6 

As shown in Figure 5, Vertical electron detachment from dxy orbital yields neutral 7 

triplet IrCl5, and the sequence of d-orbital remains the same as IrCl5
– after relaxation. 8 

This results in minimal structural changes and restores the planar arrangement of the 9 

basal ligands during the relaxation process, enabling significant Franck–Condon 10 

overlap between the doublet IrCl5
– and triplet IrCl5 during photodetachment. 11 

However, vertical detachment of the electron from the singly occupied dxz orbital 12 

produces a closed-shell singlet IrCl5, and the sequence of d-orbital changes after 13 

relaxation to a trigonal-bipyramidal (TBP) structure. This transition involves 14 

substantial d-orbital rearrangement, as shown in Figure . In the TBP geometry, the 𝑑𝑧215 

 orbital becomes the highest-energy orbital due to antibonding interactions with all five 16 

ligands. Similarly, the dxy and 𝑑𝑥2−𝑦2  orbitals are destabilized by antibonding 17 

interactions with the two equatorial ligands, placing them above the weakly bonding dxz18 

/dyz orbitals. This reordering drives the structural transformation from the twisted SBP 19 

geometry to the highly symmetric TBP geometry. This orbital and structural 20 

rearrangement is energetically favorable for forming the singlet state and explains the 21 

distinct spectral features associated with singlet IrCl5. The strong coupling between 22 

geometry and electronic structure highlights the critical role of d-orbital interactions in 23 

determining the detachment pathways and consequential spectral characteristics. 24 

Conclusions 25 

In this study, three undercoordinated iridium halides, IrCln
– (n = 3−5), and their 26 

neutral counterparts were investigated using cryogenic anion photoelectron 27 

spectroscopy and theoretical calculations. These anions exhibit superhalogen 28 

characteristic with their VDEs and ADEs increasing as the number of halogen atoms 29 

increases. Frontier molecular orbitals (FMOs) and charge density differences analyses 30 

indicate that the detachment process predominantly involves the d orbitals of the 31 

iridium atom, with significant contributions from the surrounding halides. A distinctive 32 

feature was observed for IrCl3
–, where the extra broadness of the X band in the spectrum 33 

is attributed to resonant autodetachment, producing spectral features beyond standard 34 

Franck–Condon behavior. For IrCl5
–, an orbital rearrangement drives a transformation 35 

from a twisted SBP geometry in IrCl5
– to a more stable TBP structure in singlet IrCl5. 36 

This transition is facilitated by reordering of the d-orbitals, aligning with the observed 37 

shift in spin multiplicity and the calculated VDE. This work provides valuable insights 38 

into the reactivity and detachment dynamics of unsaturated iridium halide complexes, 39 

potentially informing future studies on ligand exchange reactions and the stability of 40 
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dissociative products in transition metal chemistry. 1 
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 1 

Three undercoordinated iridium chloride anions, IrCln
– (n = 3–5), and their neutral 2 

counterparts were investigated using cryogenic anion photoelectron spectroscopy and 3 

theoretical calculations. The thereotical calculations are in excellent agreement with the 4 

experimental results, both revealing superhalogen anion properties characterized by 5 

increasing electron detachment energies as chloride ligands are added. When irradiated 6 

with the 193 nm laser, the anions IrCl4
– and IrCl5

– might undergo photodissociation to 7 

produce a Cl– anion. Subsquently, upon absorbing a second photon, the Cl– loses an 8 

electron, which accounts for the intense characteristics of Cl– observed in the 9 

spectra.The IrCl3
– anion exhibits a strong absorption feature near 193 nm, inducing a 10 

transition to an excited vibrational manifold of the anion. Large-amplitude nuclear 11 

motions in these resonant states enable electron detachment that can be projected across 12 

a wide range of vibrational levels in the final neutral IrCl3 surface, including highly 13 

excited vibrational states not accessible via direct detachment. Consequently, the first 14 

band of IrCl3
– is much broader than the simulation results. After the photodetachment 15 

process, the triplet anion IrCl5
– can transfer to either the singlet state or triplet state. All 16 

photodetachment process of the IrCln
– (n = 3–5) anions involve the d-orbitals of Ir. 17 

Following the lose of an electron from IrCln
– (n = 3–5) anions, the frontier molecular 18 

orbitals of the nutrals are rearranged , accompanied by a change in geometry. 19 
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