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Abstract 

We use photofragment ion imaging and ab initio calculations to determine the bond 

strength and photodissociation dynamics of the nickel oxide (NiO+) and nickel sulfide (NiS+) 

cations. NiO+ photodissociates broadly from 20350 to 32000 cm-1, forming ground state products 

Ni+ (2D) + O (3P) below ~29000 cm-1. Above this energy, Ni+ (4F) + O (3P) products become 

accessible and dominate over the ground state channel. In certain images, product spin-orbit levels 

are resolved, and spin-orbit propensities are determined. Image anisotropy and the results of MRCI 

calculations suggest NiO+ photodissociates via a 3 4S- ¬ C 4S- transition above the Ni+ (4F) 

threshold, and via 3 4S-, 2 4S- and/or 2 4P and 3 4P excited states below the 4F threshold. The 

photodissociation spectrum of NiS+ from 19900 to 23200 cm-1 is highly structured, with ~12 

distinct vibronic peaks, each containing underlying sub-structure. Above 21600 cm-1, the Ni+ 

(2D5/2) + S (
3P) and Ni+ (2D3/2) + S (3P) product spin-orbit channels compete, with a branching ratio 

of ~2:1. At lower energy, Ni+ (2D5/2) is formed exclusively, and S (3P2) and S (
3P1) spin-orbit 

channels are resolved. MRCI calculations predict the ground state of NiS+ to be one of two nearly 

degenerate states, the 1 4S- and 1 4D. Based on images and spectra, the ground state of NiS+ is 

assigned as 4D7/2, with the 1 4S3/2
- and 1 4S1/2

- states 81 ± 30 and 166 ± 50 cm-1 higher in energy, 

respectively. The majority of the photodissociation spectrum is assigned to transitions from the 1 
4D state to two overlapping, predissociative excited 4D states. Our D0 measurements for NiO+ (D0 

= 244.6 ± 2.4 kJ/mol) and NiS+ (D0 = 240.3 ± 1.4 kJ/mol) are more precise and closer to each other 

than previously reported values. Finally, using a recent measurement of D0 (NiS), we derive a 

more precise value for IE (NiS): 8.80 ± 0.02 eV (849 ± 1.7 kJ/mol). 
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I. Introduction 

Several gas phase transition metal oxide cations (MO+) activate methane and convert it to 

methanol at room temperature.1–9 The most effective species for this reaction is NiO+, converting 

methane to methanol with over 99% selectivity and 20% efficiency.2,5 Transition metal sulfide 

cations (MS+) do not activate methane10 but do activate C-H bonds in larger hydrocarbons (as do 

most MO+). For example, NiS+ reacts with ethane to form a variety of neutral products, including 

ethene (51%), ethane thiol (11%) and H2S (38%), while NiO+ reacts to form only water and 

NiC2H4+.2,10 While experimental work has revealed important information about C-C and C-H 

bond activation by metal-containing ions (MX+), it remains difficult to predict and model these 

reactions. MX+ are very challenging molecules to treat theoretically, as they tend to have many 

unpaired electrons, numerous low-lying electronic states, and often can’t be well described by a 

single electronic configuration. Ideally, efficient methods, such as Density Functional Theory 

(DFT) could be used to characterize these molecules, but the lack of accurate and precise 

experimental thermodynamic information on a wide variety of metal-containing molecules makes 

it hard to assess the accuracy of different functionals and approaches. Even fundamental properties 

like M+-X bond dissociation energies (D0) are often not known to useful precision, leaving large 

uncertainty in reaction thermodynamics and mechanistic feasibility. 

There have been some experimental and theoretical studies of NiO+ and NiS+. Calculations, 

first by Nakao et al.11 at the B3LYP and high level multi-reference configuration interaction 

(MRCI) level, and more extensive MRCI calculations by Sakellaris and Mavridis12 unambiguously 

determined that the ground electronic state of NiO+ is the 4S- state.  The lowest-lying excited state 

was found to be the 1 4D, lying ~67 kJ/mol above the ground state.12 These two states are also the 

two lowest lying in the isoelectronic NiS+ molecule, but they are shifted significantly in energy 

relative to one another. B3LYP13 and CCSD(T)14 calculations predict that the ground state of NiS+ 

is the 1 4D state, lying only ~2-3 kJ/mol below the 1 4S- state. The two states are so close in energy 

that the calculations do not determine the ground state.  The few experimental studies of NiO+ and 

NiS+ suggest the oxide is more strongly bound.  Armentrout and co-workers report15 D0 (NiO+) = 

260.7 ± 6.6 kJ/mol or more recently,16 254 ± 19 kJ/mol. The same group measured D0 (NiS+) = 

237 ± 4 kJ/mol,17 which agrees with a previous estimate of an upper limit by our group (D0 (NiS+) 

≤ 238 ± 4 kJ/mol).13 Theoretical values of D0 (NiO+)11,12,18 and D0 (NiS+)13,14 are all systematically 

lower than these experimentally measured values. It is worth noting the suggested trend in 
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oxide15,16,19–26 and sulfide17,27–30 D0 values for Ni+ is identical to that for Sc+, Ti+, V+, Cr+ Mn+, Fe+ 

and Co+, but opposite Cu+ and Zn+. While the photodissociation spectrum of NiO+ has not 

previously been measured, Hettich et al.31 recorded the spectrum of NiS+ from 230 to 480 nm using 

an arc lamp and monochromator with 10 nm resolution. More recently, our group13 used a dye 

laser with 0.1 cm-1 linewidth to measure the spectrum from 20000 to 23000 cm-1. The NiS+ 

spectrum features a vibrational progression with 12 major peaks, each containing underlying spin-

orbit structure. The reported13 value of D0 (NiS+) ≤ 238 ± 4 kJ/mol is based on the observed 

fragmentation onset; uncertainty in the measurement considers the possibility that the observed 

onset results from photodissociation of hot ions. 

Further experimental studies on the electronic structure and dynamics of NiO+ and NiS+ 

are needed to bolster theory and to better understand chemical bonding and thermodynamics in 

these systems. Photofragment velocity map imaging (VMI) has proven to be a useful experimental 

tool for measuring precise bond dissociation energies and dissociation dynamics in small 

molecules32–37 and ions.25,38–44 When complemented with spectroscopic measurements and theory, 

VMI gives an informative picture of how a photoexcited molecule moves around its potential 

energy surfaces. In this study, we probe the electronic structure, thermodynamics and 

photodissociation dynamics of NiO+ and NiS+ with a combination of theory, photofragment 

spectroscopy and ion velocity map imaging.  

 

II. Methods  

A. Experimental 

The home-built photofragment imaging instrument used in these studies is described in 

detail elsewhere.41 Nickel oxide and nickel sulfide cations are formed by laser ablating (2nd 

harmonic of a Continuum Minilite II Nd:YAG laser) a rotating nickel disk in the presence of a gas 

mixture of either 10% O2 in He (for NiO+) or 0.5% CH3SH in He (for NiS+), introduced via a 

pulsed valve (Parker Series 9). Ions are then directed through a linear quadrupole ion guide into a 

refrigerated radiofrequency 3D quadrupole ion trap. A pulse of He or D2 buffer gas is injected to 

help thermalize the ions to the trap temperature. After thermalizing with the buffer gas for ~55 ms, 

ions undergo Wiley-McLaren extraction and are accelerated to a kinetic energy of 1800 V; after 
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acceleration, the ions are re-referenced to ground potential. Ions are then mass selected by pulsing 

the voltage on a set of deflectors and are guided by a second set of deflectors into a reflectron.  

For measuring photodissociation spectra, the ion beam interacts with the output of a pulsed 

dye laser (Continuum ND6000, 0.1 cm-1 linewidth); the dye laser is pumped by the second (532 

nm) or third (355 nm) harmonic of a Nd:YAG laser (Continuum Powerlite 8020). The laser beam 

intersects the ion beam at the ions’ turning point in the reflectron. The parent and resulting Ni+ 

fragment signals are monitored with a microchannel plate (MCP) detector while scanning the dye 

laser wavelength. For photodissociating NiO+, the dye laser fluence ranged from ~25 to 50 mJ/cm2. 

For NiS+, the dye laser fluence ranged from ~80 to 100 mJ/cm2. Fluence was wavelength 

dependent, generally decreasing with increasing photon energy below 25000 cm-1 and generally 

increasing with increasing photon energy above 25000 cm-1. 

For photofragment imaging, the reflectron is grounded and the deflector voltages are tuned 

in order to direct the ion beam through an adjustable iris positioned after the reflectron. After 

passing through the iris, the beam enters a series of velocity map imaging (VMI) optics.33 The 

parent ions are photolyzed between the first and second ion optic plates by the pulsed dye laser. 

Voltages on the first and second VMI optics are pulsed simultaneously with the laser to focus the 

newly formed fragment ions onto an imaging detector (coupled MCP-Phosphor screen, Photonis). 

In order to separate the two species in time, the fragment and remaining parent ions are accelerated 

between the second and third VMI optics. The imaging detector then receives a high voltage pulse 

sufficiently wide to capture all of the fragment ion signal and discriminate against the parent ions. 

Photofragment images are collected by a CCD camera facing the phosphor screen for ~20,000 to 

100,000 laser shots. Images were measured with the ion trap at 55 K and He buffer gas for NiO+, 

and at 80 K with D2 buffer gas for NiS+. Images are compiled with the NuACQ data acquisition 

software45 and image analysis (fragment cloud reconstruction and kinetic energy analysis) is 

performed using the BASEX method.46 The image anisotropy parameter (b) is determined using 

the Polar Onion-Peeling (POP) method.47 

B. Theoretical 

Calculations of the ground and several excited electronic states of NiO+ and NiS+ were 

carried out at the MRCI level using the MOLPRO48,49 software package. For NiO+ these 

calculations are very similar to those of Sakellaris and Mavridis,12 but included additional excited 
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electronic states at higher energies, relevant to the experimental spectra. The MRCI calculations 

consist of a complete active space self-consistent field (CASSCF) calculation followed by single 

and double excitations from the active space. The CASSCF active space consists of the 4s and 3d 

orbitals on nickel and 2p on oxygen (13 electrons in 9 orbitals), and 12 quartet states of each 

symmetry are state averaged, with equal weights. For the MRCI, the active space is expanded to 

also allow promotions from the 2s orbital on oxygen, as was done by Sakellaris and Mavridis. The 

default, internally contracted (icMRCI) method was used. All calculations are carried out in C2v 

symmetry, and states of each symmetry are calculated separately. The calculations use the aug-cc-

pVQZ basis set for all atoms and include the Davidson correction, so they are at the MRCI+Q/aug-

cc-pVQZ level. 

For NiS+, some potential energy curves using this active space do not dissociate to the 

correct, ground state products. This is a well-known50,51 problem with CASSCF calculations 

involving the late transition metals, and is due to there being more possible states (and hence more 

correlation) arising from dn-1 s1 configurations than dn.  For Ni+, this favors formation of the 3d8 

4s (4F) first excited state rather than the 3d9 (2D) ground state. The solution is to add additional d 

orbitals on the metal (typically called the d’ space) to the active space, and in this case a complete 

set of five d orbitals was required. The CASSCF active space then consists of 13 electrons in 14 

orbitals. For each symmetry, all quartet states correlating to Ni+ (4F) and Ni+ (2D) + S (3P) were 

averaged. This corresponds to three S+, five D and one G state (a1 symmetry); six P and three F 

states (b1 or b2); and three S-, five D and one G state (a2 symmetry). The resulting CASSCF 

potentials then dissociate to the correct asymptotes. For the MRCI, the active space is expanded to 

also allow promotions from the 3s orbitals on sulfur. In addition, 12 excited states are calculated 

to ensure that the 9 lowest states are included. Unfortunately, the larger CASSCF active space 

leads to a prohibitively large icMRCI calculation. In order to make the icMRCI calculation 

tractable, a subset of the configuration state functions (CSFs) with norm >0.04 were selected, 

typically leading to ~200 CSFs and ~1.6 x 107 configurations in the icMRCI. 

In order to assess whether there are low-lying doublet or sextet states, calculations on those 

states were also carried out at the MRCI+Q/aug-cc-pVQZ level. The lowest sextet state lies 

>10000 cm-1 above the lowest quartet states, so they were not considered further. The lowest 

doublet state is the 2P, which is predicted to lie ~1500 cm-1 above the lowest quartet states. Spin-
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orbit calculations which simultaneously included the low energy 4S-, 4D and 2P states were also 

carried out (without the d’ space) using MOLPRO, using the MRCI wavefunctions and the Breit-

Pauli spin-orbit operator for internal configurations and a mean-field one-electron Fock operator 

for external configurations.48,49 

 

III. Results and Discussion 

 

A. NiO+ 

1. Electronic Structure Calculations on NiO+. The ground state of NiO+ was determined 

to be 4S- by Nakao et al. in 200111 using B3LYP and MRCI calculations. This was confirmed by 

a wider range of MRCI calculations performed by Sakellaris and Mavridis in 2013.12 Bond 

dissociation energy (D0) values calculated in these studies range from 19000 to 21000 cm
-1, with 

the latter group reporting a recommended value of 19200 cm-1.12 Sakellaris and Mavridis also 

characterized a wide range of excited electronic states, of several spin multiplicities. There are 

nine electronic states (S+, S- (2), P (3), D (2), F) for each spin multiplicity (doublet and quartet), 

that correlate to Ni+ (2D) + O (3P) ground state products. They calculated seven of these states, for 

each spin. Excited Ni+ (4F) + O (3P) give rise to twelve states (S+ (2), S-, P (3), D (3), F (2), G), 

each of which can have doublet, quartet or sextet spin. Of these, they calculated a doublet, a quartet 

and four sextet predissociative states and 8 repulsive states. Our calculations focus on the quartet 

states and include all the states that correlate to Ni+ (2D, 4F) + O (3P). These are the most relevant 

states for optical spectroscopy, but do not include some states that may contribute to the 

photodissociation dynamics (e.g. predissociation via intersystem crossing). Figure 1 shows 

calculated MRCI+Q potentials of the ground 4S- state of NiO+, along with several excited 4S- and 
4P states. These are states that are optically accessible and have vertical excitation energies below 

40000 cm-1. The transition intensity from the X 4S- state to each of these states is predicted to be 

weak (f ≤ 0.003). 

2. Photodissociation Spectrum of NiO+. The photodissociation spectrum of NiO+ (Figure 

S1) over the range of 20350 to 27000 cm-1 (492 to 370 nm) shows no obvious fragment onset and 

little to no structure, gradually increasing from zero to low and constant fragment yield from 20800 

to 25000 cm-1. Since an onset to form ground state Ni+ products was not observed, measurements 
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of the spectrum were extended to energies above the Ni+ (4F) threshold in hope of detecting a 

significant increase in fragment yield which might mark the opening of the higher energy product 

channel. In this region of the spectrum (27000 to 29200 cm-1), photofragment yield increases again 

starting at 27700 cm-1 with a small peak at 27800 cm-1, then continues to increase before it plateaus 

at 29000 cm-1 at approximately the same intensity as the peak at 27800 cm-1. The lack of a sharp 

onset in the spectrum near the predicted bond dissociation energy and again upon energetic access 

of a new product channel makes it difficult to precisely determine D0 (NiO+) and characterize the 

excited states from the spectrum alone. However, imaging the photoproducts formed at different 

photon energies allows us to make a precise D0 measurement and gives us additional information 

on the dissociation dynamics.  

3. Images of Ni+ Fragments. Figure 2 shows a photofragment image of Ni+ from 

photodissociation of NiO+ at 27778 cm-1, along with the resulting total kinetic energy release 

(KER) distribution. There is moderate KER, indicating that only ground electronic state products 

are formed. The Ni+ ground electronic state has two spin-orbit levels, with the 2D3/2 lying 1507 cm-

1 above the 2D5/2 ground state; for oxygen, the 3P1 and 3P0 are 158 and 227 cm-1, respectively, above 

the 3P2 ground state.52 The KER is sufficiently high that the spin-orbit states are not resolved. 

However, the KER distribution shows that the propensity for 2D3/2 products is higher than that for 
2D5/2 products.  The distribution of signal intensity in the image is radially uniform (‘isotropic’). 

This case is the ‘midpoint’ in the continuum between two limiting cases of image anisotropy, 

captured by the anisotropy parameter (b). The first case, limiting parallel (b = 2), describes a direct 

photodissociation event where the transition dipole moment is oriented parallel to the principal 

molecular axis of the parent ion and photodissociation is prompt. If the photolysis laser is vertically 

polarized, this case gives an image with vertical anisotropy (higher signal intensity at the north 

and south poles). For a linear molecule, this occurs if the change in orbital angular momentum, 

DL, is zero. The second case, limiting perpendicular (b = -1), describes a direct photodissociation 

event where the transition dipole moment is oriented perpendicular to the principal molecular axis. 

If the photolysis laser is vertically polarized, this gives an image with horizontal anisotropy (higher 

signal intensity at the equator). This occurs when DL = ±1. The 'midpoint’ case, isotropic (b = 0), 

describes a photodissociation event where the parent ion is equally likely to fall apart in any 

orientation regardless of the laser polarization. This last case results in an image with no anisotropy 

and can occur if: (1) the excited molecules survive for several rotational periods before 
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dissociating; or (2) at a given photolysis energy, the molecules photodissociate via multiple 

overlapping parallel and perpendicular transitions, whose contributions to the image anisotropy 

cancel each other out. For NiO+ photolyzed at 27778 cm-1, the calculations predict that both 

mechanisms are active. There are parallel transitions to the 2 4S- and 3 4S- states, both of which 

correlate to excited products and are thus predissociative at this energy. There is also a 

perpendicular transition to the 3 4P state, which has a barrier to dissociation, due to an avoided 

crossing with the 3 4P state. 

Figure S2 (i) shows a Ni+ photofragment image taken at slightly higher photon energy 

(29197 cm-1) and its corresponding KER distribution. A new, low KER channel corresponding to 

dissociation to excited state Ni+ (4FJ) products clearly dominates over the ground state channel.  

The Ni+ (4F9/2) state lies 8394 cm-1 above the 2D5/2 ground state, and the J = 7/2, 5/2 and 3/2 spin-

orbit levels lie 936, 1722 and 2270 cm-1 above the J = 9/2 level, respectively.52 Taking the 4FJ 

energy splitting into account, the KER distribution in Fig. S2 (i) is, further, consistent with 

exclusive formation of the lowest energy spin-orbit component, Ni+ (4F9/2). In contrast to the near 

isotropic image in Figure 2 (b = 0.10), the image in Figure S2 (i) shows slight parallel anisotropy 

(b = 0.30) suggesting photodissociation at 29197 cm-1 is more prompt and is due to excitation to a 
4S- state. Dissociation at progressively higher energies leads to production of the other 4FJ spin-

orbit states. While the kinematics of detecting the heavy Ni+ fragment in dissociation of NiO+ are 

not ideal for maximum resolution and O (3PJ) spin-orbit states (227 cm
-1 spread) ‘smear’ the Ni+ 

rings, we are still able to resolve the lowest two spin orbit states (936 cm-1 spacing) of the Ni+ (4FJ) 

fragments at a photolysis energy of 30075 cm-1 (Figure 3). Ni+ (4F9/2) fragments account for ~80% 

of the photoproduct yield, with Ni+ (4F7/2) making up the remaining 20%. At 30769 cm-1 however, 

with Ni+ (4F5/2) becoming energetically accessible, individual Ni+ spin orbit levels are less well 

resolved (Figure S2, ii). Although the Ni+ (4F3/2) product channel is energetically accessible by 

31646 cm-1, it is highly unfavored relative to each of the lower energy spin-orbit channels (Figure 

S2, iii). It is apparent from the KER distributions in Figure S2 (ii, iii) that the propensity for Ni+ 
4FJ spin-orbit state products generally decreases as the energy of the spin orbit state increases. The 

trend in spin-orbit propensities for Ni+ (4FJ) products is opposite that for 2DJ products. In addition, 

parallel anisotropy is consistent across all images (Fig. 3, b = 0.30, inner ring and 1.06, outer ring; 

Fig. S2 ii) b = 0.31, inner ring and 1.14, outer ring; Fig. S2 iii) b = 1.65) collected at photolysis 
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energies above the Ni+ (4F) product threshold, suggesting dissociation over this entire region 

results from excitation to the same or other nearby 4S- state(s). Based on the calculations, this is 

likely the 3 4S- state, which has a significantly larger bond length than the ground state, so vertical 

excitation accesses the repulsive inner wall of the potential. 

For a given image, subtracting the peak total KER in the KER distribution from the 

photolysis energy gives a precise value of the product threshold, and upon subtraction of the Ni+ 

(4F) product energy, the NiO+ bond dissociation energy (D0). A more accurate approach is to plot 

photolysis energy (with excited photoproduct energy subtracted) versus total KER for a series of 

images above the Ni+ (4F) threshold and fit the points to a line.53 The y-intercept of the plot is equal 

to D0, as shown in Figure S3. This intercept method gives the most precise measurement of the 

NiO+ bond dissociation energy reported to date (D0 = 244.6 ± 2.4 kJ/mol, 20450 ± 200 cm-1). Table 

1 compiles all experimentally measured values and selected theoretical values of D0 (NiO+). Our 

VMI measured D0 agrees with the later, less precise guided ion beam measurement by Armentrout 

and coworkers,16 but not with their earlier, more precise measurement.15 The most sophisticated 

ab initio calculations, at the MRCI level and with scalar relativistic effects using the second-order 

Douglas-Kroll-Hess (DKH2) approximation, are very close to our measured value, as is the 

averaged coupled pair functional (ACPF) result.12 Near the measured D0, the photodissociation 

spectrum shows zero fragment yield, suggesting NiO+ does not absorb at D0, or that the 

fluorescence lifetime is shorter than the photodissociation lifetime. Lack of absorption at this 

photon energy is consistent with calculations by Sakellaris and Mavridis, which predict the two 

closest excited states to the Ni+ (2DJ) product threshold to be the 1 4G (Te = 15504 cm-1) and 1 
6D (Te = 22107 cm-1) states, neither to which are optically allowed transitions from the 4S- ground 

state, and our calculations, which predict that there are few excited states with allowed electronic 

transitions near the dissociation threshold, and transitions to those states are weak. 

 

B. NiS+ 

1. Electronic Structure Calculations on NiS+. Although NiS+ and NiO+ are isoelectronic, 

the relative energies of their electronic states are quite different. The 4D state, which lies12 ~6000 

cm-1 above the 4S- ground state in NiO+, is predicted to be the ground state in NiS+ with the 
4S- lying only ~200 cm-1 higher in energy at the B3LYP13 and CCSD(T)14 level. Our calculations, 

at the MRCI+Q/aug-cc-pVQZ level, predict that the 4D lies 627 cm-1 above the 4S-. Figure 4 shows 
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the potentials for all quartet states of NiS+ that correlate to Ni+ (2D, 4F) + S. In this figure, 4S- and 
4D states are highlighted, as they are accessible by parallel transitions from the 1 4S- and 1 4D 

states. Table S1 gives spectroscopic parameters for all of these states, while Figures S5 and S6 

show selected excited states. 

Spin-orbit coupling will preferentially stabilize the lowest lying spin-orbit levels of the 4D 

state relative to the 4S- state. In order to quantify this effect, we carried out spin-orbit calculations, 

including the three lowest-lying electronic states: the 4D, 4S- and 2P states. These calculations 

were done using the standard (not expanded) d space for Ni, as including the d’ space in the spin-

orbit calculations is prohibitively expensive. Also, the inclusion of the d’ space has only a small 

effect on the potentials near equilibrium. The results are shown in Figure S7. With this active 

space, the ground state is 4S-, with the 4D and 2P states 403 and 838 cm-1 higher in energy, 

respectively.  Including spin-orbit splitting, the ground state is 4D7/2. The 4DW (W = 5/2, 3/2, 1/2) 

states are at 454, 846, and 1655 cm-1, respectively. To first order, S states do not have spin-orbit 

splitting, but they can have second-order spin orbit splitting, which is typically much smaller. The 
4S-3/2 state is at 26 cm-1 and the 4S-1/2 is at 66 cm-1; the 2P3/2 is at 724 cm-1 and the 2P1/2 is at 1542 

cm-1. So, including spin-orbit interactions stabilizes the 4D7/2 and 2P3/2 states by 429 and 140 cm-

1, respectively, relative to the 4S-3/2 state. Combining this shift with the energies calculated using 

the expanded d space, the calculations predict that the 4S-3/2 is the ground state, only 198 cm-1 

below the 4D7/2. This difference is smaller than the relative accuracy of the calculations, which thus 

do not clearly indicate whether 4D or the 4S- is the true ground state. So, in the subsequent 

discussion we will consider optically allowed transitions from the 4D7/2, 4S-3/2 and 4S-1/2 states, as 

they may be populated at the temperature of the ion trap. 

2. Photodissociation Spectrum of NiS+. The photofragment spectrum of NiS+ was 

measured by our group previously on a separate instrument,13 with ions formed by laser ablation 

and cooled by supersonic expansion. In this work, a segment of the spectrum was re-measured 

with ions cooled in a 3D quadrupole trap41 at several trap temperatures with He or D2 buffer gas. 

No dissociation is observed below ~20000 cm-1 and the spectra contain several peaks, with rich 

sub-structure (Figure 5). A few peaks change in intensity as the trap is cooled. One example is the 

lowest energy peak in the spectrum (labeled 1*, at 20022 cm-1), which loses approximately half its 
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intensity as the trap is cooled from 291 (red) to 80 K (blue). The reduced intensity suggests this 

peak arises from photodissociation of parent ions that are vibrationally excited or in a low-lying 

excited electronic or spin-orbit state rather than the ground state. Another example is the peak at 

20164 cm-1 (labeled 3), which increases in intensity by approximately two-fold from 291 K to 80 

K. The gain in intensity suggests that peak 3 originates from the ground state of NiS+. Although 

most of the remaining peaks in the spectrum become narrower and sharper as the trap is cooled, 

they do not change significantly in intensity. 

3. Images of Ni+ Fragments. Photofragment images were taken at several peaks in the 

spectrum to determine D0 (NiS+) and to determine the origin of the three lowest energy peaks in 

the spectrum (1, 2 and 3). The ground state of sulfur is 3P2, with the 3P1 and 3P0 states at 396 and 

574 cm-1, respectively.52 The larger spin-orbit splitting of sulfur relative to oxygen and improved 

kinematics of NiS+ relative to NiO+ mean that the spin-orbit states of both fragments can be 

resolved near threshold. Figure 6 shows a photofragment image at 20631 cm-1 (peak 4 in Figure 

5). The resulting KER distribution has two distinct peaks spaced by ~400 cm-1, consistent with 

formation of ground state Ni+ (2D5/2) and both ground state S (3P2) (higher KER) and first excited 

spin-orbit state S (3P1) (lower KER) products. Both the lower and higher KER channels have 

slightly parallel fragment distribution (b = 0.29 and 0.28, respectively). This distribution is 

consistent with a parallel electronic transition where dissociation to S (3P1) products competes with 

dissociation to the S (3P2) channel, with a product branching ratio of 3:2. At 21706 cm-1 (peak 5 in 

Figure 5), Ni+ (2D5/2) + S (3P0,1,2) products are all formed (70%) and compete with Ni+ (2D3/2) + S 

(3P2) (30%) as shown in Figure 7. The higher KER channel corresponding to Ni+ (2D5/2) has slight 

parallel anisotropy (b = 0.43), while the lower KER channel is isotropic (b = 0.08). 

A photofragment image at 20164 cm-1 (peak 3) shows only formation of Ni+ (2D5/2) + S 

(3P2), with low KER, and gives a dissociation energy that is consistent with those from the higher-

energy peaks. However, images at 20022 and 20103 cm-1 (peaks 1* and 2*) give significantly 

lower D0, indicating that they arise from hot ions. Based on the KER distributions, and assuming 

ground state products, peaks 1* and 2* are due to ions with an internal energy of 166 ± 50 cm-1 

and 81 ± 30 cm-1, respectively. We therefore assign peaks including and to the blue of peak 3 as 

originating from ground state (1 4D or 1 4S-) NiS+. The fundamental vibrational frequencies of the 

1 4D and 1 4S- states are calculated to be n0 = 417 and 413 cm-1, respectively (Table S1), so peaks 
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1* and 2* are not due to vibrational hot bands. Rather, peaks 1* and 2* likely originate from higher 

lying spin-orbit levels of the low-lying 4Δ and 4Σ- states. As argued below, we assign the ground 

level as 4Δ7/2 and the hot bands as originating from the 4Σ 3/2 and 4Σ 1/2 levels. 

The dissociation energy of NiS+ is determined by plotting photolysis energy versus total 

KER for production of ground state products determined at several photolysis energies and fitting 

the points to a line. The results, shown in Figure S4, give D0 (NiS+) = 240.3 ± 1.4 kJ/mol, 20090 

± 120 cm-1). Experimentally measured and selected theoretical values of D0 (NiS+) are shown in 

Table 2. Rue et al.17 measured the bond strength using the endothermic reaction of Ni+ with OCS 

in a guided ion beam instrument. Hettich et al.31 measured the photodissociation of NiS+ in an ICR, 

using a lamp/monochromator with 10 nm resolution, and assuming that the dissociation onset 

occurs at the bond dissociation energy. Our previous study,13 using laser photodissociation, 

determined the onset with much higher precision but was still limited by uncertainty in whether 

small peaks near the dissociation onset are due to hot ions. Our VMI measurement of D0 (NiS+) 

agrees with all of the previous values but has higher precision. Calculations by Lakunza et al.14 at 

the CCSD(T)/TZVP++G(3df,2p)//B3LYP level (D0 (NiS+) = 234 kJ/mol) and, in this work, at the 

MRCI+Q/aug-cc-pVQZ level (235 kJ/mol) are nearly identical and quite close to the measured 

value, underestimating the bond strength by 5-6 kJ/mol. The present study confirms that 

dissociation occurs at the thermodynamic onset, and determines that the first two, small, peaks in 

the spectrum are from hot ions. Thus, even when dissociation occurs at the thermodynamic onset, 

imaging is a valuable complement to spectroscopy. Our measurement of D0 (NiS+) also refines the 

ionization energy of NiS.  Matthew et al.54 recently measured the dissociation energy of the neutral 

with very high precision: D0 (NiS)=3.651 ± 0.003 eV. Combining this value with our measurement 

of D0 (NiS+) and IE (Ni), we obtain a more precise estimate of IE (NiS) = 8.80 ± 0.02 eV (849 ± 

1.7 kJ/mol). 

The MRCI+Q calculations, in conjunction with the images, help to assign the 

photodissociation spectrum. The fragment anisotropy in the images ranges from parallel to 

isotropic. Also, as shown in Table S1, the calculated oscillator strengths for perpendicular 

transitions are much smaller than for parallel transitions. Thus, we assign the majority of the 

spectrum to be due to parallel transitions, 4S- ¬ 4S- or 4D ¬ 4D. The only 4S- state in the relevant 

energy region is the 3 4S- state, shown in blue, bold in Figure 4. This state has calculated T0 = 

19006 cm-1, a vertical transition energy of 21382 cm-1, a vibrational frequency of we = 314 cm-1, 
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and integrated oscillator strength of f = 0.0103. Experimentally, the dissociation yield for NiS+ is 

significantly higher than for NiO+ and is consistent with an integrated oscillator strength of this 

magnitude. A simulated absorption spectrum due to this transition (3 4S- ¬ 1 4S-) is shown in the 

dashed blue trace at the bottom of Figure 5. This simulated spectrum is far less complex than is 

experimentally observed. If second-order spin-orbit splitting is included, the propensity is for 4S-3/2 

¬ 4S-3/2 and 4S-1/2 ¬ 4S-1/2 transitions rather than 4S-1/2 ¬ 4S-3/2 and 4S-3/2 ¬ 4S-1/2. This would 

lead to a series of doublets whose relative intensities would depend on the temperature of the ion 

trap, which is not observed in the experiment, so it is unlikely that the observed spectrum is solely 

due to transitions from a 4S- state. There are three 4D states in the energy region of interest, the 3, 

4 and 5 4D, shown in green, bold in Figure 4. These states have several avoided crossings at 

energies near 20000 cm-1 and the resulting potentials are anharmonic. Transitions to all three from 

the 1 4D are predicted to be fairly intense, with f = 0.0088 for 3 4D and 0.0132 and 0.0079 for the 

4 and 5 4D. The simulated spectra, shown in the green dashed traces at the bottom of Figure 5, are 

quite complex, as they contain contributions from all three states at low energy, and then simplify 

somewhat above ~21500 cm-1 when contributions from the 4 and 5 4D dominate. Simulated spectra 

due to the 3 4S- ¬ 1 4S- and 3, 4, 5 4D ¬ 1 4D transitions were summed to give the total simulated 

spectrum, shown in the red dashed trace at the bottom of Figure 5. Intensities in the total spectrum 

were multiplied by 3 for easier visualization. Some (but not all) of the multiplet structure in the 

first five features of the experimental spectrum (20000 – 21200 cm-1) is captured by the simulation, 

with triplets or doublets (depending on the simulated Gaussian width) predicted to arise from the 

3 4S- ¬ 1 4S- and 4, 5 4D ¬ 1 4D transitions.  The remaining seven features in the experimental 

spectrum are clear doublets, a motif which is well-modeled by the simulation, which indicates they 

are due to transitions to the 4 and 5 4D states. The relative intensities of peaks in the simulated 

doublet and triplet features do not precisely match experimental intensities. However, the three 4D 

states all lie at similar energies and interact, making it challenging to accurately calculate their 

relative intensities and energies. We therefore assign the bulk of the spectrum to 4 4D ¬ 1 4D and 

5 4D ¬ 1 4D vibronic transitions, with perhaps some contribution from the 3 4S- ¬ 1 4S- transition 

below 20700 cm-1. We also assign hot band peaks 1* and 2* to transitions to the 3 4S- state from 

the 1 4S1/2
- and 1 4S3/2

- states, respectively, based on varied temperature spectra and KER 
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distributions of images taken at the corresponding photon energies. This implies that the 1 4S1/2
- 

and 1 4S3/2
- states lie 166 ± 50 and 81 ± 30 cm-1 respectively above the 1 4D7/2 ground state. 

It is useful to compare the electronic states of NiS+ with isoelectronic CoS, which has been 

studied more extensively by experiment and theory. Although an early atom superposition and 

electron delocalization molecular orbital (ASED-MO) theory calculation55 on CoS assumed a 4S- 

ground state, subsequent studies by Bauschlicher and Maitre56 at the CCSD(T) and ACPF level 

correctly predict a 4D ground state, and a DFT study by Bridgeman and Rothery57 predicts that the 
4S- lies 1770 cm-1 above the 4D. Ziurys and coworkers58 measured the microwave spectrum of CoS 

and determined the ground state to be 4D7/2, with r0 = 1.97798506 Å. An infrared emission study 

by Bernath and coworkers characterized the low-lying 4F (T0 = 3409 cm-1) and 4P (T0 = 5620 cm-

1) states.59 As part of a series of studies60–62 on CoS, Chen and coworkers measured the laser-

induced fluorescence spectrum60 of jet-cooled CoS from 15200 to 19000 cm-1. They observed 57 

vibronic bands and assigned them to five different electronic transitions.  Four of these are 

transitions to different 4D7/2 states and one is a transition to a 4P5/2, all from the 4D7/2 ground state.  

This analysis of the CoS LIF spectrum from 15200 to 19000 cm-1 echoes our assignment of three 

separate 4D ¬ 1 4D transitions in the NiS+ photodissociation spectrum from 19900 to 23200 cm-1. 

 

C. Comparison of Bonding in MO+ and MS+ 

Figure 8 and Table 3 compare the M+-O and M+-S bond strengths for the 3d transition 

metals. The early transition metal cations form extremely strong bonds to oxygen, and much 

weaker bonds to sulfur. The late transition metals form much weaker bonds to oxygen, and, for 

each metal, the M+-O and M+-S bond dissociation energies are similar. This trend in bonding, and 

its dependence on the occupied molecular orbitals has been discussed in detail for the 

cations,12,30,63,64 and neutrals56,57,65 and will be reviewed here. For some molecules, there is 

substantial multi-configurational character, so this description is only approximate.  The valence 

molecular orbitals of the transition metal oxides and sulfides primarily arise from the 3d and 4s 

orbitals on the metal and the oxygen 2s and 2p, or sulfur 3s and 3p. These lead to four s, two pairs 

of p and one pair of d molecular orbitals. The orbitals for NiO+ and NiS+ are shown in Figure S8. 

These orbitals will first be described for MO+, then similarities and differences between the oxides 
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and sulfides will be discussed.  The non-bonding 1s is almost entirely 2s on oxygen. The 2s is a 

bonding combination of 3ds (3d!!) on the metal and 2pz on oxygen. The 1px and 1py are bonding 

combinations of metal 3dp (3dxz and 3dyz) and oxygen 2px and 2py. For ScO+ there are 8 valence 

electrons, so these four orbitals are filled, leading to a strong Sc+-O bond. In TiO+ and VO+ the 

additional electrons populate the non-bonding 1d+ and 1d- orbitals and are unpaired. These orbitals 

are the metal 3dd (3dxy and 3d"!#$!). For CrO+ and MnO+, rather than add electrons to the 1d to 

form low-spin states, they are unpaired and go into the anti-bonding 3s and 2p orbitals, 

respectively.64 As a result, the Cr+-O bond is significantly weaker than in the earlier metals, and 

the Mn+-O bond is weaker still. High spin is again favored for FeO+, whose 6S+ ground state has 

unpaired electrons in the 1d+, 1d-, 2px, 2py and 3s. In CoO+ and NiO+ the additional electrons go 

into the 1d orbitals, so FeO+, CoO+ and NiO+ have similar bond strengths. CuO+ has a significantly 

weaker bond, as the 3s is now doubly occupied. In ZnO+ the next electron goes into the 2p. The 

reduced covalency means that the bonding in CuX+ and ZnX+ (X = O, S) can be viewed as largely 

electrostatic in nature, which leads to similar bond strengths for CuX+ and ZnX+, and for larger 

bond strengths for the sulfides than the oxides, due to the greater polarizability of sulfur.30 

 Although the orbitals in MO+ and MS+ are similar, there are important differences. 

Compared to those in MO+, the bonding orbitals in MS+ have less bonding character and the 

antibonding orbitals have less antibonding character. The 1p in MS+ is less strongly bonding, 

which helps to explain why the M+-S bond strengths are ~200 kJ/mol lower than those of M+-O 

for M=Sc, Ti, V. Concomitantly, the 2p has much less electron density on the metal and is thus 

much less strongly antibonding. So, occupying the 2p reduces the M+-S bond strength, but to a 

much lesser extent than for the oxides. Also, the 3s in MS+ is nearly completely metal 3d!! and is 

non-bonding, rather than anti-bonding. So, there is little reduction in the M+-S bond strength as 

this orbital is occupied. This observation underlies a key difference between the electronic 

structures of NiO+ and NiS+. In NiS+ calculations predict that the 4S- and 4D are nearly degenerate 

and have very similar bond lengths and vibrational frequencies. The dominant electron 

configuration for the 4S- state is 1s2 2s2 1px2 1py2 1d+2 1d-2 2px1 2py1 3s1 (MRCI coefficient of 

0.82), while for the 4D state it is 1s2 2s2 1px2 1py2 1d+2 1d-1 2px1 2py1 3s2 (MRCI coefficient of 

0.79). Thus, there is little difference in energetics or bonding between having an extra electron in 
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the 1d or 3s orbital. The situation is quite different for NiO+. The ground state is clearly 4S-, with 

the 4D state 5600 cm-1 higher in energy at the MRCI+Q level.12 In addition, the 4D state has a 

substantially longer bond (1.708 Å vs. 1.588 Å) and lower vibrational frequency than the 4S- 

state.12 So, the 3s is clearly anti-bonding and at higher energy than the 1d. The differences in the 

composition and relative energies of the 3s and 1d orbitals in NiO+ and NiS+ help to explain the 

observed differences between the ions’ electronic structures. 

IV. Conclusions 

We find the bond strengths of NiO+ (D0 = 244.6 ± 2.4 kJ/mol) and NiS+ (D0 = 240.3 ± 1.4 

kJ/mol) are very close to each other; previous reports indicated a larger difference, overestimating 

D0 (NiO+). The proximity of the bond energies is likely due to a cancelling out of the effects of 

contributions from strongly bonding and strongly antibonding occupied orbitals in NiO+ versus 

weakly bonding and weakly antibonding occupied orbitals in NiS+. The photodissociation 

spectrum of NiO+ from 20350 to 29200 cm-1 is weak, very broad and provides little information, 

consistent with the lack of optically accessible excited electronic states near D0 and the relatively 

low oscillator strength of transitions to accessible states near the Ni+ (4F) threshold. The spectrum 

of NiS+ from 19900 to 23200 cm-1 exhibits a clear vibrational progression of ~280 cm-1 with 

complex sub-structure. The observed features are mostly due to two overlapping electronic 

transitions, from the X 4D7/2 ground state to the 4 4D7/2 and 5 4D7/2 states. The 3 4D ¬ 1 4D and 3 
4S- ¬ 1 4S- transitions may also contribute to some of the lower energy features below 20700 cm-

1. The near-degeneracy of the 1 4S- and 1 4D states of NiS+, which in NiO+ are separated by 5600 

cm-1, is explained by the near energetic equivalence of the 3s and 1d orbitals. Two peaks in the 

NiS+ spectrum have been assigned to hot bands likely originating from the 1 4S3/2
- 

and 1 4S1/2
- states as determined from temperature dependent spectra and confirmed by images of 

the Ni+ photofragments on each of the suspected ‘hot’ peaks. NiO+ photofragment images indicate 

that below the Ni+ (4FJ) threshold, at 27778 cm-1, NiO+ photodissociates to form Ni+ (2DJ) products 

in both spin-orbit levels, with higher-energy J = 3/2 products favored over J = 5/2. Above the Ni+ 

(4FJ) threshold, 4F9/2 products dominate with each new spin-orbit level becoming less favored as it 

becomes energetically accessible. The Ni+ (4FJ) dissociation channels show vertical anisotropy, 

indicating rapid dissociation via a parallel transition, most likely the 3 4S- ¬ C 4S-. Only Ni+ (2DJ) 
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+ S (3PJ) products are accessible at photon energies in the range of the NiS+ spectrum, but the spin-

orbit states of Ni+ and S products are resolved in the images. We find that the first excited spin-

orbit state of sulfur (3P1) is slightly favored over the ground spin-orbit state (3P2) in dissociation to 

Ni+ (2D5/2) + S (3P1,2). The propensities for the first two Ni+ spin-orbit states show the opposite 

trend, with lower energy Ni+ (2D5/2) + S (3PJ) products slightly favored over Ni+ (2D3/2) + S (3P2) 

products. The latter trend is also the reverse of that observed in dissociation of NiO+ to Ni+ (2D5/2, 

3/2) + O (3PJ). 

  



   
 

18 
 

Supporting Information Available 

Full reference 48; all quartet electronic states of NiS+ correlating to ground state and first excited 

state products (Table S1); photodissociation spectrum of NiO+ (Figure S1); additional NiO+ 

photofragment images (Figure S2); plots for determination of D0 (NiO+) and D0 (NiS+) by the y-

intercept method (Figures S3 and S4, respectively);  potential energy curves for the 4S-, 4D, and 
4G states (Figure S5) and the 4P and 4F states (Figure S6) of NiS+; potential energy curves for 

spin-orbit states of the three lowest-lying electronic states of NiS+ (Figure S7); molecular orbital 

diagrams for the 1 4S- states of NiO+ and NiS+ (Figure S8). 
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Tables and Figures 

Table 1. Experimental and Theoretical Ground State Bond Dissociation Energies (D0) of NiO
+ 

(4S-). 

Species D0 (kJ/mol) Experiment 

   NiO+            260.7 ± 6.6 ion beam15 
            254 ± 19 ion beam16 
            244.6 ± 2.4 VMI (present study) 
  Theory 

   NiO+            249 MRCI-L+DKH2+Q12 
            239 MRCI+DKH2+Q12 
            241 ACPF+DKH212 
            228 MR-SDCI11 

            225 B3LYP18 
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Table 2. Experimental and Theoretical Ground State Bond Dissociation Energies (D0) of              

NiS+. 

Species D0 (kJ/mol) Experiment 

   NiS+            251 ± 21 photodissociation31 
            £ 238 ± 4 photodissociation13 
            237 ± 4 ion beam17 
            240.3 ± 1.4 VMI (this work) 

  Theory 

   NiS+            225 B3LYP13 
            232 B3LYP14 
            234 CCSD(T)//B3LYP14 
            235 MRCI+Q (this work) 
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Table 3. Experimental Bond Dissociation Energies of MO+ and MS+. 

M+ Species D0 (MO
+) (kJ/mol) Ref. for MO+ D0 (MS

+) (kJ/mol) Ref. for MS+ 

Sc+             689 ± 5        22          480 ± 5        28 

Ti+             664 ± 7        21          457 ± 7        28 

V+             584.0 ± 0.2  26          359 ± 9        27 

Cr+             357 ± 5        19          259 ± 16      29 

Mn+             242 ± 5        25          243 ± 23      29 

Fe+             339.6 ± 2     23          297 ± 4        30 

Co+             320 ± 6        15          285 ± 9        30 

Ni+             244.6 ± 2.4  this work          240.3 ± 1.4  this work 

Cu+             131.2 ± 4     24          200 ± 14      17 

Zn+             161 ± 5        20          198 ± 12      17 
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Figure 1. Potential energy curves for 4S- and 4P electronic states of NiO+ with vertical excitation 

energies below 40000 cm-1 calculated at the MRCI+Q/aug-cc-pVQZ level. 
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Figure 2. Photofragment image of Ni+ made by dissociating NiO+ at 27778 cm-1 and the 

corresponding velocity distribution converted to total kinetic energy release. All NiO+ images were 

collected with the ion trap at 55 K and with He buffer gas. The image shown has been top/bottom 

and left/right symmetrized. Laser polarization is vertical (white arrow). 
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Figure 3. Photofragment image of Ni+ made by dissociating NiO+ at 30075 cm-1 and the 

corresponding velocity distribution converted to total kinetic energy release. The image shown has 

been top/bottom and left/right symmetrized. Laser polarization is vertical (white arrow). Product 

state reference points along the TKER axis (red vertical lines) are calculated by subtracting the 

measured D0 (20450 cm-1) and individual product state energies from the photolysis energy. 

Groups of three lines reference Ni+ spin-orbit states, while single lines within a group reference O 

atom spin-orbit states.  Reference points are not absolute assignments, as O atom spin-orbit states 

are not resolved. 
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Figure 4. Potential energy curves for 4S-, 4P, 4D, 4F, and 4G states of NiS+ that correlate to ground 

and first excited state products calculated at the MRCI+Q/aug-cc-pVQZ level. Calculations use 

the expanded d space in the MCSCF. 
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Figure 5.  Photodissociation spectrum of NiS+ near the Ni+ (2D) photofragment threshold under 

various conditions: supersonic expansion13 (black solid); thermalized in a 3D quadrupole ion trap 

at 80 K with deuterium buffer gas (blue solid); thermalized in the ion trap at 291 K with helium 

buffer gas (red solid). Total simulated spectrum (red dash) and individual contributions from 

S ¬ S and D ¬ D transitions (blue and green dash, respectively) shifted by 2130 cm-1 to lower 

energy are shown at the bottom. The simulations use a 50 cm-1 FWHM Gaussian. Intensities in the 

total simulated spectrum are multiplied by 3 for easier visualization. 1* and 2* labels denote 

suspected spin-orbit hot bands, and 3 denotes the lowest energy peak assigned to a transition 

originating from the ground state. 
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Figure 6.  Photofragment image of Ni+ made by dissociating NiS+ at 20631 cm-1 and the 

corresponding velocity distribution converted to total kinetic energy release. All NiS+ images were 

collected with the ion trap at 80 K and with D2 buffer gas. The image shown has been top/bottom 

and left/right symmetrized. Laser polarization is vertical (white arrow). Product state reference 

points along the TKER axis (red vertical lines) are calculated by subtracting the measured D0 

(20090 cm-1) and individual product state energies from the photolysis energy. Since S atom spin-

orbit states are resolved, reference points also serve as assignments. 

  



   
 

28 
 

 

Figure 7.  Photofragment image of Ni+ made by dissociating NiS+ at 21706 cm-1 and the 

corresponding velocity distribution converted to total kinetic energy release. The image shown has 

been top/bottom and left/right symmetrized. Laser polarization is vertical (white arrow). Product 

state reference points along the TKER axis (red vertical lines) are calculated by subtracting the 

measured D0 (20090 cm-1) and individual product state energies from the photolysis energy.  
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Figure 8. Bond dissociation energies of 3d transition metal oxide (red) and sulfide (blue) cations 

(plotted from values in Table 3). 
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