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I. INTRODUCTION 

Of the many publications coming from the laboratory of Diethard K. Bohme, among the 

most valuable were the surveys of reactivity throughout the periodic table as studied using selected 

ion flow tube (SIFT) mass spectrometry. A convenient summary of this work can be found at 

http://www.yorku.ca/dkbohme/research/selection_table.html. It includes studies of the cations of 

main group, transition metal, and lanthanide elements with O2 (Koyanagi & Bohme, 2001; 

Koyanagi et al., 2002), CO2 (Cheng, Koyanagi & Bohme, 2006; Koyanagi & Bohme, 2006), OCS 

and CS2 (Cheng, Koyanagi & Bohme, 2006; Cheng, Koyanagi & Bohme, 2006), NO (Blagojevic 

et al., 2005; Voislav Blagojevic, 2006), N2O (Koyanagi & Bohme, 2001; Lavrov et al., 2004), NO2 

(Jarvis et al., 2010; Jarvis et al., 2013), CH4 (Shayesteh et al., 2009), NH3 (Koyanagi, Cheng & 

Bohme, 2010; Blagojevic et al., 2019; Blagojevic et al., 2019), D2O (Cheng, Koyanagi & Bohme, 

2006; Cheng, Koyanagi & Bohme, 2007), CH3F (Koyanagi et al., 2005; Zhao, Koyanagi & Bohme, 

2006), CH3Cl (Zhao, Koyanagi & Bohme, 2005), SF6 (Cheng & Bohme, 2006; Cheng, Shayesteh 

& Bohme, 2009), C6H6 (Voislav Blagojevic, 2015), C6F6 (Caraiman, Koyanagi & Bohme, 2004), 

and C5H5N (Blagojevic & Bohme, 2015). In all cases, quantitative rate constants at 295 K and 0.35 

Torr of He were obtained for metal cations generated by an inductively coupled plasma (ICP). 

This source creates ions at a temperature characterized as 5500 K. It was believed that radiative 

relaxation and interactions with the flow gases would rapidly deplete most excited electronic states 

of the metal cations, although this is unknown. (Subsequent studies in our group verify that this is 

probably true for many of the metal cations, but not all. See discussion below.)  

Although ion-molecule reactivity at room temperature provides a snapshot of the periodic 

trends and can potentially yield lower limits to metal ligand bond dissociation energies (BDEs), it 

cannot provide detailed thermodynamic information. In this review, we take a page from Bohme 

and examine the periodic trends in the reactions of metal cations using guided ion beam tandem 

mass spectrometry (GIBMS) (Armentrout, 1992; Armentrout, 2000; Armentrout, 2002). This 

experimental approach enables the reactions to be studied over a wide range of kinetic energies, 

essentially ranging from room temperature up to the equivalent of tens of thousands of degrees 

http://www.yorku.ca/dkbohme/research/selection_table.html
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(although with much narrower, well-defined energy distributions). This enables a direct 

visualization of the periodic trends in the thermodynamics and the reactivity, as well as serving as 

a mechanistic probe. For the purposes of the present review, we focus on oxidation (chiefly with 

O2, CO, CO2), carbidization (with CO), and hydrogenation (with H2) reactions with cations of 

third-row (5d) transition metals, lanthanides, and the actinide thorium. For interested readers, a 

similar exploration of the periodic trends in the reactions of methane with the 5d transition metal 

cations (TM+) has been published (Armentrout, 2017). Similar reviews of periodic trends in the 

first- (3d) and second-row (4d) TM+ are also available (Elkind & Armentrout, 1986; Armentrout, 

1990; Fisher et al., 1990; Armentrout & Botero, 1995; Armentrout & Kickel, 1996; Kretzschmar 

et al., 2001). 

 

II. EXPERIMENTAL APPROACH 

A. General  

The experimental work reviewed here has been accomplished using GIBMS. Details of our 

instruments can be found elsewhere (Ervin & Armentrout, 1985; Loh et al., 1989; Muntean & 

Armentrout, 2001) and specifics of the individual experiments are provided in the original 

publications. Here we highlight the main attributes of our recent studies. The GIBMS instruments 

comprise five major parts: ion source, magnetic sector mass analyzer, ion-neutral interaction 

region, quadrupole mass filter (QMF), and ion detector. The ion sources and their attributes are 

described in the next section. Once the ions are formed, they are focused into the magnetic sector, 

which permits mass selection of the desired reactant ion with good transmission and approximately 

unit mass resolution. Ions are then focused into a radio frequency (rf) octopole ion beam guide 

pioneered by Gerlich (Teloy & Gerlich, 1974; Gerlich, 1992), which traps the ions in the radial 

direction without influencing their kinetic energy along the axis. The central dc voltage applied to 

the octopole can be varied over about four orders of magnitude and controls the kinetic energy of 

the ions in the laboratory frame. The octopole passes through a collision cell containing the reactant 

neutral. Because the octopole is longer than the reaction cell, ion-molecule collisions only occur 
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at well controlled kinetic energies, rather than in regions where ions are being focused and 

accelerated. In all of our studies, the pressure of the neutral reactant is kept low such that the 

probability of multiple ion-molecule collisions is small. To verify this, reactions are routinely 

conducted at several (generally three) neutral pressures and then the results are extrapolated to 

zero pressure, where rigorous single collision conditions apply. Ionic reactants and products then 

drift to the end of the octopole where they are focused into the QMF for separation. The QMF is 

operated under conditions where transmission is optimized so that it is generally believed that all 

ions are collected. Finally, the ion detector is a Daly detector (Daly, 1960) that utilizes a high 

voltage (~25 kV) primary dynode so that detection efficiency is near unity for all ions in our 

available mass range (up to ~250 Da and ~1100 Da on our two instruments). 

Data collection involves acquisition of intensities of the reactant ion and all relevant product 

ions as a function of the laboratory voltage applied to the octopole. The absolute scale of this 

voltage is determined for each experiment by scanning the applied voltage through the zero of 

energy, nominally, the voltage of the ion source. The ion intensity of the reactant ions as a function 

of the applied voltage is differentiated and then fit to a Gaussian. This procedure enables 

determination of the center of the distribution (the zero of energy in the reaction zone) within 0.05 

eV and the ion kinetic energy distribution width, which both vary from source to source. The raw 

ion intensities are then converted to absolute reaction cross sections by knowing the length of the 

interaction region and the density of the neutral gas, as described previously (Ervin & Armentrout, 

1985). The absolute laboratory frame energy, Elab, is also converted to the center-of-mass frame 

energy, ECM, using ECM = Elab × m / (m + M), where m is the mass of the neutral reagent and M is 

the reactant ion mass. ECM is the energy available to induce chemical reactions because the 

remaining energy (Elab – ECM) is tied up in linear momentum conservation. 

The key capability of GIBMS is the ability to vary the kinetic energy of the ions over a wide 

range. This function is enabled by the trapping characteristics of the rf octopole because they 

permit the energy of the ions to be reduced close to zero without losing ions to radial diffusion. As 

shown in our initial work using this instrument, the reaction of Ar+ with H2, HD, and D2 (Ervin & 
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Armentrout, 1985), the use of an octopole extends the lowest useful kinetic energy from about 1 

eV to about 0.05 eV (eventually limited by the thermal motion of the reactant neutrals). This ability 

was verified by converting the cross sections to rate constants and reproducing thermal (300 K, 

0.04 eV CM) measurements as well as drift tube measurements extending to 0.3 eV (CM) 

(Lindinger et al., 1977; Dotan & Lindinger, 1982). Interestingly, we also reproduced a single 

plasma jet result at 5000 K (Gaucherel & Rowe, 1977), although our results extended to the 

equivalent of over 30000 K. 

B. Ion Sources  

A variety of ion sources have been used in our laboratory to generate atomic metal ions over 

the years. Early results included those using surface ionization (SI) and electron ionization (EI) 

sources. One advantage of the SI source is that it can create a well-defined distribution of electronic 

states because the ions are emitted from a hot filament (variable over a range of about 1800 – 2500 

K and measured by optical pyrometry) and presumed to have a distribution characterized by this 

temperature. This assumption has been verified by observing cross section magnitudes varying as 

predicted with the filament temperature (Aristov & Armentrout, 1986; Aristov & Armentrout, 

1987; Sunderlin & Armentrout, 1988), by comparison with ion mobility data for Co+ (van Koppen, 

Kemper & Bowers, 1992), and more recently by comparison with results for spin-orbit state-

selected vanadium cations (Armentrout, Chang & Ng, 2020; Ng et al., 2021). EI sources produce 

an unknown distribution of electronic states, but because the electron energy can be varied over a 

very wide range, this source can produce highly excited electronic states. In GIBMS, these can 

generally be identified by examining shifts in the thresholds for endothermic reactions. Early 

studies also utilized a drift cell source in which ions generated by EI were thermalized by ~1000 

collisions with Ar {Ervin, 1986 #736}. Studies with Fe+ demonstrated that this source emitted ions 

with considerably less energy than the SI source (Elkind & Armentrout, 1986; Schultz & 

Armentrout, 1987; Schultz, Elkind & Armentrout, 1988; Loh et al., 1989). Comparisons between 

results obtained using the drift cell, SI, and EI sources enabled a determination of the reactivities 

of different electronic states for many first-row TM+. 
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The ion source used for the metal ions that are the focus of the present review is a dc 

discharge/flow tube (DC/FT) source. Here, metal ions are created by sputtering the appropriate 

metal cathode using argon cations created in a dc (glow) discharge. This also creates an unknown 

distribution of electronic states, but the flow tube (1 m long in our source) thermalizes the 

population by collisions with the Ar and He carrier gasses in a 1:9 mixture. Comparison of SI and 

DC/FT results for endothermic reactions in a number of studies permitted us to determine that the 

distribution of electronic states usually emitted from the DC/FT source could be as low as 300 K 

or as high as 1100 K (Clemmer et al., 1994; Haynes & Armentrout, 1994; Chen, Elkind & 

Armentrout, 1995; Kickel & Armentrout, 1995; Kickel & Armentrout, 1995; Sievers et al., 1996). 

In general, we conservatively calculate the electronic energy distribution as 700 ± 400 K.  

Importantly, we have observed cases where such thermalization of electronic states created 

in the DC/FT source is incomplete, e.g., Ag+ (Chen & Armentrout, 1995), Au+ (Li, Gorham & 

Armentrout, 2010), and Ir+ (Kim & Armentrout, 2021). For Au+, it was clear that the discharge 

conditions helped control the extent of excitation because additions of CH4 in the discharge would 

systematically enhance the amount of excited 3D (5d96s1) states. For both Ag+ and Au+, the lowest 

lying excited electronic states lie well above the 1S(d10) ground states (≥4.86 and ≥1.86 eV, 

respectively), such that there are no curve crossings that are needed for efficient collisional 

quenching (Loh et al., 1989). In both cases, the excited states are easily removed by adding 

additional quenching gases: O2 for Ag+ and N2O for Au+. We have also found that Ir+ ions having 

electronic energies > 1.39 eV are emitted from the DC/FT source, albeit with a population of only 

0.01% (Kim & Armentrout, 2021). If the distribution is truly thermal, then this could indicate an 

electronic temperature of 1700 K. However, as for Ag+ and Au+, it seems more likely that some 

electronic state or states remain unquenched because they do not couple with surfaces evolving 

from lower energy states. One possibility for Ir+ is the 2P0 level of Ir+, located at 1.390 eV (Kramida 

et al., 2012),which is the lowest energy J = 0 level, such that it may not couple well with lower 

energy levels, which all have J = 1 – 5.  

One key aspect of the excited states of most TM+ (as well as neutrals and anions) is that they 
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involve excitations between the valence s and d orbitals. The p orbitals are too high in energy to 

be populated appreciably. Because both s and d electrons have even parity, radiative 

(electromagnetic) coupling between them is parity forbidden and only magnetic dipole and electric 

quadrupole transitions are allowed. Therefore, these excited states tend to be long-lived (seconds), 

although many can be quenched by collisions (which generally requires a curve crossing) or 

removed by reactions. For the lanthanides and actinides, f orbitals are odd parity such that 

transitions to d orbitals are electric dipole allowed. This is less influential for the lanthanide cations 

because spin-orbit splitting generally spreads the energy level out substantially, such that fewer 

levels are occupied initially. 

 

III. REACTIONS WITH O2 

A. 5d Transition Metal Cations 

In 2002, Bohme and co-workers examined the reactions of 3d, 4d, and 5d TM+ with O2 in 

their ICP/SIFT apparatus (Koyanagi et al., 2002). They determined that the group 3 (Sc+, Y+, and 

La+), group 4 (Ti+, Zr+, and Hf+), group 5 (V+, Nb+, and Ta+), and group 6 (Mo+ and W+) TM+ all 

reacted exothermically via reaction 1 with efficiencies generally ranging from 42 – 82% (Mo+ was 

only 13% efficient).  

   M+  +  O2 (
3g

‒)  →  MO+  +  O (3P)    (1) 

Cr+ and groups 7 – 11 all reacted either by O2 addition or not at all (Mn+ and Cd+). These results 

are consistent with GIBMS studies of the 3d (Fisher et al., 1990) and 4d (Chen & Armentrout, 

1995; Sievers, Chen & Armentrout, 1996) TM+ (including the much lower reactivity of Mo+). 

Comparable GIBMS results for the 5d TM+, Hf + – Au+, reacting with O2 are collected in Figure 1 

(Zhang & Armentrout, 2003; Hinton, Li & Armentrout, 2009; Li, Gorham & Armentrout, 2010; 

Armentrout, 2013; Armentrout & Li, 2013; Hinton, Citir & Armentrout, 2013). The results are 

consistent with those of Bohme in all cases. Hf +, Ta+, and W+ react exothermically with no barrier 

evident. The efficiency of these reactions is close to unity for all three metals, as shown by the fact 

that they reproduce the Langevin-Gioumousis-Stevenson (LGS) collision cross section (Langevin, 
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1905; Gioumousis & Stevenson, 1958) over a wide range of energies. These efficiencies are 

somewhat higher than those obtained in the ICP/SIFT results (67, 82, and 79%, respectively), 

which could be a consequence of collisions with the He bath gas and/or the different distributions 

of electronic states. Similar differences have also been observed for lighter metals. 

 For the late 5d TM+, Re+ - Au+, it is clear that they do not react efficiently at thermal 

energies (equivalent to the lowest energy point in Figure 1), in agreement with the work of Bohme. 

One can also rapidly ascertain that the thresholds for these endothermic reactions indicate that 

D0(M
+-O) come in the order Os > Re > Ir > Pt > Au. This order is quantified in Table 1, where 

values are obtained from analysis of each of the cross sections shown. For the early metal oxides, 

the bond energies are derived from reactions with CO (Hinton, Li & Armentrout, 2009) (discussed 

below) or from collision-induced dissociation (CID) reactions (Hinton et al., 2011). In the case of 

Au+, two cross sections are shown in Figure 1, one (circles) corresponding to reactions of Au+ (1S, 

5d10) and the other (triangles) to a reactant ion beam containing a small percentage of Au+ (3D3,2, 

5d96s1), which have excitation energies of 1.86 (J = 3) and 2.19 (J = 2) eV (Kramida et al., 2012). 

It can be seen that the difference in the apparent thresholds between the two cross sections is about 

2 eV. 

 For all metals in Figure 1 except Au+, the cross sections decrease or decrease more rapidly 

above about 5 eV, as indicated by the arrow located at D0(O2) = 5.117 eV (Ruscic & Bross, 2019). 

In all cases, this is because the MO+ product ions of reaction 1 can have enough internal energy 

that the dissociation channel leading to M+ + 2 O products becomes accessible. The exception of 

Au+ indicates that this reaction occurs more impulsively such that the excess energy gets placed 

into relative translational energy of the products rather than internal energy. 

 The other notable aspect of the data in Figure 1 is that the cross section for OsO+ exhibits 

two obvious features (Hinton, Citir & Armentrout, 2013). The same is true for ReO+ (Armentrout, 

2013), and, although not as evident, for IrO+ as well (Armentrout & Li, 2013). In the latter system, 

this is mainly shown by the inflection in the data near 1.5 eV, and confirmed by modeling of this 

cross section. The possibility that electronic excited states of the metal cations were present in any 
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of these systems was evaluated thoroughly and demonstrated not to be the case. Assigning the 

higher energy features to formation of excited O (1D) could also be ruled out as the energetics do 

not match. This left two plausible explanations. The first possibility is that the two features 

correspond to formation of different electronic states of the MO+ product ions formed in a spin-

forbidden process at low energies and a spin-conserving reaction at higher energies (thereby 

explaining the enhancement of the signal). This possibility had been postulated in a number of 

other previous studies that showed multiple cross section features {Stowe, 1990 #301;Schröder, 

1997 #2300;Sievers, 1998 #598;Rue, 1999 #1466;Sievers, 1995 #590}, including lanthanides 

(Demireva, Kim & Armentrout, 2016; Armentrout et al., 2018; Demireva & Armentrout, 2018; 

Ghiassee, Kim & Armentrout, 2019; Ghiassee, Stevenson & Armentrout, 2021) and actinides 

(Armentrout & Peterson, 2020). The difficulty with this explanation for reaction 1 is that the triplet 

spin states of the O2 (
3g

‒) reactant and O (3P) product mean that multiple spin states of M+ couple 

with low-lying states of MO+ such that all likely reactions are spin-allowed.  

The second possible explanation is less intuitive and involves the fact that this triatomic 

system is constrained to a plane throughout the reaction. Thus, A′ and A′′ surfaces do not mix 

efficiently and could lead to different reaction paths. Indeed, calculations of the potential energy 

surfaces for these reactions showed that surfaces of A′ and A′′ symmetry are qualitatively different 

in the entrance channels for all three metals (Armentrout, 2013; Armentrout & Li, 2013; Hinton, 

Citir & Armentrout, 2013). For Re+, no low-energy pathways are available along the A′ surfaces, 

whereas for Os+ and Ir+, A′′ surfaces have barriers in the entrance channels. At higher kinetic 

energies, coupling of the A′ and A′′ surfaces can occur by electronic-rotational (Coriolis) coupling, 

as observed for reactions of state-specific rare gas cations (Ar+, Kr+, and Xe+) with H2, D2, and HD 

(Ervin & Armentrout, 1985; Ervin & Armentrout, 1986; Ervin & Armentrout, 1989). In this 

scenario, the low-energy behavior observed experimentally in Figure 1 would correspond to 

adiabatic reactions along the A′′ surfaces of Re+ and the A′ surfaces of Os+ and Ir+. Then, the high-

energy feature observed experimentally would be associated with reactions along the surfaces 

having the alternate symmetry with possible contributions from Coriolis coupling between the two. 
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 To test these explanations, GIBMS studies of related oxidation processes have also been 

studied, in particular, reactions of Re+, Os+, and Ir+ with CO (Kim, Cox & Armentrout, 2016) and 

SO2 (Kim & Armentrout, 2020; Kim, Cox & Armentrout, 2020; Kim & Armentrout, 2021). The 

CO reactions retain the triatomic character of the O2 reactions but now the CO reactant has singlet 

spin, which restricts the number of spin-allowed pathways. As discussed further below, the 

thresholds for these reactions provide thermochemistry in good agreement with that obtained from 

the O2 reactions, even in a case like Re+ where the formation of ground state products is formally 

spin-forbidden: Re+ (7S) + CO (1+) → ReO+ (3) + C (3P). Only a single cross section feature was 

observed in all three reactions, but because the CO bond is very strong, 11.111 eV (Ruscic & 

Bross, 2019), the endothermicities in all three cases exceed energies where the Coriolis coupling 

is likely. A better test of the spin-conservation restriction would be the oxidation reaction with 

CO2 because now both the neutral reactant, CO2 (
1g

+), and product, CO (1+), have singlet spin. 

At the time of this writing, studies of this reaction for Re+, Os+, and Ir+ are ongoing. 

With regard to the second explanation, the SO2 reactions were more insightful, in part 

because the thermochemistry, D0(OS-O) = 5.66 eV (Johnson III, 2018), is similar to that for O2, 

D0 = 5.117 eV. Thresholds for the formation of MO+ using the SO2 reactant gave thermochemistry 

that was in excellent agreement with that found for the O2 reactions. Further, only a single cross 

section feature for formation of MO+ was observed for all three metal cations. Because these are 

four-atom systems, the MSO2
+ reactions are no longer constrained to have planar symmetry. Thus, 

these results are consistent with the second explanation above for the dual features in the O2 

reactions.  

B. Lanthanide Cations  

GIBMS has been used to study the reactions of O2 with four lanthanide cations: Pr+ 

(Ghiassee, Stevenson & Armentrout, 2021), Nd+ (Ghiassee, Kim & Armentrout, 2019), Sm+ (Cox 

et al., 2015), and Gd+ (Demireva, Kim & Armentrout, 2016; Demireva & Armentrout, 2017). As 

expected from their placement in the periodic table, all four metal cations react with O2 similarly 

to the early transition metals shown in Figure 1, i.e., they react efficiently in exothermic and 
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barrierless processes, Figure 2. In our studies, the efficiencies of these four reactions at thermal 

energies were 1.75 ± 0.35, 0.93 ± 0.2, 1.0 ± 0.2, and 1.0 ± 0.2, respectively. The unusually large 

result for Pr+ was double checked and two additional reactions (Ar+ + D2 and Sm+ + O2) were 

reproduced to try to ensure that instrumental issues were not responsible. Cross sections larger 

than the LGS collision limit have been observed for comparable species, Zr+ and Nb+ (Sievers, 

Chen & Armentrout, 1996). One explanation for this unusual result was explored in that study and 

involves coupling of the surfaces evolving from the M+ + O2 reactants with those associated with 

the M2+ + O2
‒ asymptote. The resulting long-range Coulomb attraction can lead to an enhancement 

of the collision limit. In this regard, the result is analogous to the harpooning mechanism observed 

in neutral reactions (Wiskerke et al., 2000).  

For the four lanthanides, the GIBMS efficiencies are larger than the those measured in the 

ICP/SIFT apparatus: 0.75 ± 0.23, 0.57 ± 0.17, 0.48 ± 0.14, and 0.86 ± 0.26, respectively (Koyanagi 

& Bohme, 2001). In conjunction with the GIBMS study for Sm+, additional flow tube studies on 

this reaction were also conducted and reproduced the ICP/SIFT efficiency, measuring 0.49 ± 0.15 

(Cox et al., 2015). Interestingly, this reaction has been revisited using the same apparatus with 

improved mass resolution where it was discovered that the earlier work had a contribution from 

SmH+, which reacts inefficiently with O2. The revised flow tube rate constants put the reaction 

efficiencies at 300 K as 0.65 ± 0.20 for Sm+ and 0.75 ± 0.23 for Nd+, within experimental 

uncertainty of the GIBMS results. Remaining differences may still be attributed to variations in 

the electronic levels populated and the high-pressure flow tube gases versus single collision 

conditions in the GIBMS experiments. 

Figure 2 also illustrates another aspect of exothermic ion-molecule reactions when studied 

as a function of energy. It can be seen that the cross sections for Nd+, Sm+, and Gd+ follow the 

LGS prediction with fidelity at the lowest energies, but then deviate to smaller values starting at 

different energies: ~0.3 eV for Sm+, around 1 eV for Nd+, and slightly higher for Gd+. Likewise, 

the Pr+ cross section declines approximately in parallel to LGS before declining more abruptly 

near 1.5 eV. These deviations from LGS behavior occur because the rate-limiting step in the 
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reaction moves from the centrifugal barrier in the entrance channel (which defines the LGS 

collision limit) to the centrifugal barrier in the exit channel as the kinetic energy increases. This 

concept was first outlined in a study of the O+ + H2, HD, and D2 reactions (Burley, Ervin & 

Armentrout, 1987) and involves conservation of the orbital angular momentum of the collision. In 

reaction 1, the reduced mass of the products is about half that of the reactants, such that the 

centrifugal barrier in the product channel increases more rapidly with energy than that in the 

reactant channel. (The fact that the polarizability of the O product is about half that of the O2 

reactant also plays a role in how attractive the potential is at long range.) At sufficiently high 

energies, the barrier in the product channel exceeds that in the reactant channel, such that not all 

close collisions can conserve angular momentum when making products and hence are forced to 

return to reactants. The energy where this crossover occurs depends on the exothermicity of 

reaction 1, i.e., a larger exothermicity requires a larger angular momentum (and collision energy) 

for the two barriers to match. Thus, the deviation between the experimental and LGS cross section 

will occur at lower energies for small exothermicities and this energy will increase with the 

exothermicity of the reaction. Examination of Figure 2 therefore suggests that the Sm+ reaction is 

the least exothermic, followed by Nd+, Gd+, and Pr+ being roughly similar. As detailed below in 

the thermochemistry section, this trend follows the BDEs of these MO+ products.  

At still higher energies, the MO+ cross sections for all four lanthanides level out and then 

decline rapidly again at the highest energies shown. The leveling may indicate that the reaction 

cross sections are now limited by hard sphere limits. The rapid declines at high energies are 

associated with the dissociation of the MO+ product. As noted above for the AuO+ cross section, 

the observation that these declines occur at higher energies than D0(O2) indicates more impulsive 

collision processes. Indeed, a spectator stripping model, in which the metal cation interacts with 

only one oxygen atom and the other oxygen serves as a spectator (Henglein, 1966; Burley, Ervin 

& Armentrout, 1987), roughly predicts the onsets of the dissociation.  

C. Thorium Cation 

GIBMS has also been used to study the reaction of thorium cation with O2 (Cox et al., 
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2016). As for the lanthanides, Th+ reacts efficiently in an exothermic and barrierless process with 

an efficiency of 1.21 ± 0.24 at thermal energies, Figure 2. This result agrees well with Fourier 

transform ion cyclotron resonance (FT-ICR) mass spectrometry studies, which obtain thermal rate 

constants having efficiencies of 1.12 ± 0.22 (Cornehl et al., 1997) and 0.86 ± 0.43 (Santos et al., 

2002). At energies above thermal, the Th+ + O2 reaction exhibited a cross section exceeding the 

LGS limit. As for the Pr+ case discussed above, the possibility of a crossing with the Th2+ + O2
‒ 

asymptote was suggested. Compared to the four lanthanides, the deviation from the low-energy 

behavior occurs at higher energies than for Pr+, consistent with reaction 1 for Th+ having the 

highest exothermicity among the metals in Figure 2 (see below).  

 

IV. REACTIONS WITH CO 

A. 5d Transition Metal Cations 

Bohme has not systematically studied reactions of TM+ with CO largely because the strong 

CO bond precludes the observation of activation processes at thermal energies. Likewise, GIBMS 

studies of reactions with CO have not been conducted for many metal cations because these 

reactions were not needed to obtain good metal oxide thermochemistry. One exception is Cu+, 

where studies of both the ground state 1S and excited state 3D were conducted (Rodgers, Walker 

& Armentrout, 1999). In contrast, for the early metal cations having strong metal oxide bonds, the 

strong CO bond makes the oxidation reaction endothermic. Hence, we have studied the CO 

reactions with the early 4d TM+: Y+, Zr+, Nb+, and Mo+ (Sievers, Chen & Armentrout, 1996). For 

the 5d TM+, reactions with CO have been conducted for Hf+, Ta+, W+ (Hinton, Li & Armentrout, 

2009), Re+, Os+, Ir+ (Kim, Cox & Armentrout, 2016), and Pt+ (Zhang & Armentrout, 2003). These 

results are collected in Figure 3. In all cases, two reactions are observed and yield the metal oxide 

and metal carbide cations, reactions 2 and 3. 

   M+  +  CO (1+)  →  MO+  +  C (3P)    (2) 

    →  MC+  +  O (3P)    (3) 

Figure 3a shows that the cross sections for reaction 2 all increase rapidly from threshold and 
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eventually peak at D0(CO) = 11.111 eV before declining because the MO+ product can dissociate 

at higher energies. The relative thresholds inversely track the MO+ BDEs, such that the bonds 

come in the order TaO+ > HfO+ > WO+ > OsO+ ~ ReO+ > IrO+ > PtO+. This progression is 

discussed further below in the thermochemistry section. 

 Figure 3b shows similar results for reactions with CO yielding the metal carbide cation. 

Again, the cross sections generally reach a maximum at D0(CO). Pt+ is an exception because 

reaction 3 competes with reaction 2, such that the total cross section (shown by the line in Figure 

3b) does peak at 11.111 eV. As for reactions 2, the thresholds of reactions 3 are inversely related 

to the bond strengths, indicating an order of IrC+ ~ OsC+ > PtC+ > ReC+ > WC+ > TaC+ > HfC+, 

close to the inverse of the oxide BDEs. This is rationalized in the thermochemistry section below. 

B. Lanthanide and Thorium Cations 

The cross sections for reactions of CO with the lanthanide cations: Pr+ (Ghiassee, 

Stevenson & Armentrout, 2021), Nd+ (Ghiassee, Kim & Armentrout, 2019), Sm+ (Cox et al., 

2015), and Gd+ (Demireva, Kim & Armentrout, 2016), and Th+ (Cox et al., 2016) are shown in 

Figure 4. The behavior is comparable to that of the early 5d TM+. Again, the thresholds inversely 

track the BDEs, with ThO+ > PrO+ ~ GdO+ > NdO+ > SmO+ and ThC+ > GdC+ ~ PrC+ > NdC+ > 

SmC+. 

 

V. REACTIONS WITH CO2 

 In 2006, Bohme and coworkers examined the reactions of carbon dioxide with atomic 

cations of main group, transition metals (except Tc+)(Koyanagi & Bohme, 2006), and lanthanides 

(except for Pm+)(Cheng, Koyanagi & Bohme, 2006). Among the main group and transition metal 

elements, only Sc+, Ti+, Y+, Zr+, La+, Hf+, Ta+, and W+ react to transfer an oxygen atom yielding 

MO+. All other elemental ions examined simply cluster with CO2 in three-body reactions. 

Efficiencies in the oxidation reactions vary wildly from Y+ (80%) and La+ (61%) to Ti+ (5%). 

Likewise, for the lanthanides, about half react by oxygen atom transfer (La+, Ce+, Pr+, Nd+, Gd+, 

Tb+, and Lu+) with efficiencies of 64%, 66%, 23%, 5%, 50%, 6%, and 5%, respectively. All other 
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lanthanide cations simply cluster.  

GIBMS studies of these reactions are more limited because they often do not provide useful 

thermodynamic information. Early studies included those involving Al+ (Clemmer, Weber & 

Armentrout, 1992), V+ (Sievers & Armentrout, 1995), Cu+ (Rodgers, Walker & Armentrout, 

1999), Y+ (Sievers & Armentrout, 1999), Zr+ (Sievers & Armentrout, 1999), Nb+ {Sievers, 1998 

#598}, and Mo+ {Sievers, 1998 #595}. The results at low energies are in accord with the results 

of Bohme and coworkers, but at higher energies, there are clear new features in the cross sections 

that have been interpreted as the production of excited states of the MO+ products. In all cases but 

Al+, endothermic reactions forming MCO+ + O are also observed and, in most cases, formation of 

MO2
+ + C (not Al+, Cu+, or Y+) is also observed.  

These types of behaviors are also illustrated in more recent GIBMS work on reactions of 

CO2 with Pr+ (Ghiassee, Stevenson & Armentrout, 2021), Nd+ (Ghiassee, Kim & Armentrout, 

2019), Sm+ (Armentrout & Cox, 2017), Gd+ (Demireva & Armentrout, 2018), and Pt+ (Zhang & 

Armentrout, 2003). Results from these processes are shown in Figure 5, which does not include 

results for the MO2
+ product. Again, the results are qualitatively in agreement with those of Bohme 

and coworkers: oxidation of Pr+, Nd+, and Gd+ occur at thermal energies, whereas those for Sm+ 

and Pt+ do not. For the three exothermic reactions, the efficiencies are 25%, 9%, and 70%, within 

experimental uncertainties of the ICP-MS results. At the lowest collision energies, the cross 

sections for these three processes decline more rapidly than predicted by the LGS collision limit 

and then increase starting near 1 eV or so, nearly reaching the predicted LGS limit at higher 

energies (although at these energies, the collision cross section is probably better described by a 

hard-sphere limit). Oddly, the oxidation reaction with Sm+ is actually exothermic, but in contrast 

to most ion-molecule reactions, it clearly shows a barrier (measured as 1.77 ± 0.11 eV). In contrast, 

the reaction of Pt+ with CO2 begins at its thermodynamic threshold. Here, the shape of the PtO+ + 

CO cross section is clearly affected by the competing PtCO+ + O channel, such that the sum of the 

two cross sections (line in Figure 5) behaves smoothly. For the other metals shown here, the MCO+ 

cross sections are much too small to show any effect on the MO+ cross sections. In all cases, the 
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MCO+ cross sections begin to decline near D0(OC-O) = 5.453 eV (Ruscic & Bross, 2019), and 

more subtle declines also occur starting near this energy for the MO+ cross sections. The reason 

the MCO+ cross sections decline much more rapidly than the MO+ cross sections can be traced to 

the fact that the CO product formed with MO+ can carry away more energy (in rotations, 

translations, and vibrations) than the lighter O product formed with MCO+.  

 The MO+ cross sections are sensitive to electronic state because the spin states of the 

neutral reactants and products for reactions 4 are both singlets, and therefore, spin conservation 

demands that the spin states of MO+ must be the same as those for the M+ reactant. 

   M+  +  CO2 (
1g

+)  →  MO+  +  CO (1+)   (4) 

This situation is rarely the case because formation of a strong bond requires coupling of the two 

valence electrons on oxygen with those on the metal. For example, the ground states in the 

reactions shown in Figure 5 are Pr+ (5I) and PrO+ (3H), Nd+ (6I) and NdO+ (4H), Sm+ (8F) and SmO+ 

(6), Gd+ (10D) and GdO+ (6‒), and Pt+ (2D) and PtO+ (4‒). Although reactions for most heavy 

metal systems are not truly spin-forbidden (i.e., not occurring) because of spin-orbit coupling, 

reactions that do not conserve spin can be inefficient because surfaces of different spin need to 

couple to one another. This partially explains the large variations in efficiencies observed in the 

studies of Bohme and coworkers as well as in the GIBMS studies, as they rely on where the curves 

between potential energy surfaces of the two spin states intersect. The fact that the exothermic 

processes decline more rapidly than predicted by the LGS cross section, e.g., as in Figure 5, is 

consistent with the energy dependence expected for spin-forbidden reactions (Rue et al., 1999). 

Because the exothermic spin-forbidden processes are inhibited, spin-allowed reactions, which can 

be more efficient because no curve crossings are required, can then be observed at higher energies. 

For example, calculations at multiple levels of theory indicate that the lowest energy MO+ states 

having the same spin as the M+ reactant should have thresholds of 0.5 – 1.5 eV for Pr+ (Ghiassee, 

Stevenson & Armentrout, 2021), 0.6 – 1.8 eV for Nd+ (Ghiassee, Kim & Armentrout, 2019), and 

0.6 – 1.1 eV for Gd+ (Demireva & Armentrout, 2018), in agreement with the measured onsets for 

the observed endothermic features of 0.69 ± 0.12, 0.85 ± 0.12, and 1.01 ± 0.12 eV, respectively.  
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The case of the Sm+ reaction is more interesting. Here, GIBMS studies are able to take 

advantage of the fact that the reverse of reaction 4 can be studied (and has been in all of the systems 

mentioned here except Al+ and Cu+). When reaction 4 (ignoring spin) is exothermic, the reverse 

process must be endothermic, and indeed, the reverse of reaction 4 can be analyzed to yield an 

endothermicity that provides an independent measure of the MO+ bond energy. In the case of Sm+, 

the SmO+ + CO → Sm+ + CO2 reaction was also observed to be endothermic, with a threshold of 

2.04 ± 0.13 eV. The difference between the thresholds for the forward (1.77 eV) and reverse (2.04 

eV) reactions is equivalent to the exothermicity of reaction 4 for Sm+, 0.27 ± 0.07 eV (Armentrout 

& Cox, 2017). Here, theoretical calculations indicate that the barrier observed for reaction 4 with 

Sm+ corresponds to the crossing point between the octet spin surface evolving from reactants to 

the sextet spin surface leading to products, calculated as 1.5 eV. Theory also suggests contributions 

from the spin-allowed formation of SmO+ (8‒) may start at 2.3 – 2.8 eV. For Sm+, the crossing 

point between surfaces of different spin is relatively high in energy because the diabatic surface 

leading to products starts from an excited Sm+ (4f 55d2) configuration, which lies 2.35 eV above 

the Sm+ (8F, 4f 66s1) ground state. As discussed further below, the promotion energies to M+ (5d2) 

states of the other lanthanide cations in Figure 5 are much lower, which means the exothermicities 

of the reactions are larger and the analogous crossing points between surfaces occur below the 

energy of the reactants.  

 

VI. REACTIONS WITH H2 

 Hydrogenation of metal cations is another system not explored by Bohme because the 

activation reaction 5 is endothermic.  

   M+ + H2  →  MH+ + H     (5) 

Importantly, the activation of the single covalent bond in H2 is the simplest system for examining 

bond activation processes by metals, such that GIBMS studies have been comprehensive. This 

work includes the 3d (Elkind & Armentrout, 1985; Elkind & Armentrout, 1986; Elkind & 

Armentrout, 1986; Elkind & Armentrout, 1986; Elkind & Armentrout, 1987; Elkind & 
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Armentrout, 1987; Elkind & Armentrout, 1988; Georgiadis & Armentrout, 1988; Elkind, 

Sunderlin & Armentrout, 1989) and 4d (Elkind, Sunderlin & Armentrout, 1989; Chen, Elkind & 

Armentrout, 1995; Sievers et al., 1996) TM+ as well as many main group elemental cations (Elkind 

& Armentrout, 1984; Ervin & Armentrout, 1985; Ervin & Armentrout, 1986; Ervin & Armentrout, 

1986; Burley, Ervin & Armentrout, 1987; Ervin & Armentrout, 1987; Ervin & Armentrout, 1989; 

Stowe et al., 1990; Sunderlin & Armentrout, 1994). Likewise, GIBMS studies of the 5d TM+ are 

complete and include Hf+ (Hinton & Armentrout, 2010), Ta+ (Zhang et al., 2002), W+ (Zhang et 

al., 2002), Re+ (Armentrout & Li, 2004), Os+ (Hinton, Citir & Armentrout, 2011), Ir+ (Li, Zhang 

& Armentrout, 2005), Pt+ (Zhang & Armentrout, 2002), and Au+ (Li et al., 2011). GIBMS studies 

of reaction 5 with the lanthanides now include La+ (Elkind, Sunderlin & Armentrout, 1989), Ce+ 

(Ghiassee & Armentrout, 2020), Pr+ (Ghiassee, Ewigleben & Armentrout, 2020), Nd+ (Ghiassee 

& Armentrout, 2021), Sm+ (Demireva & Armentrout, 2018), Gd+ (Demireva & Armentrout, 2018), 

and Lu+ (Elkind, Sunderlin & Armentrout, 1989) along with the actinide Th+ (Cox, Armentrout & 

de Jong, 2016). In nearly all of these studies, reactions of H2, HD, and D2 were compared, which 

provides more robust thermochemistry because the same BDE is measured in multiple systems 

given that zero-point energy corrections are easily applied. Further, the reaction with HD provides 

dynamic information from the ratio of MH+ + D to MD+ + H products, as described in detail 

elsewhere (Elkind & Armentrout, 1987). 

 Results for the 5d TM+ are summarized in Figure 6a. It can be seen that the range of 

threshold energies is much more modest compared to the oxidation reactions, spanning from about 

0.8 to 1.6 eV. Ir+ and Pt+ have the lowest threshold energies and Au+ has the highest, followed 

closely by Ta+, W+, Re+, and Hf+. Maximum magnitudes of the cross sections occur at D0(H2) = 

4.478 eV (Ruscic & Bross, 2019) and again are fairly similar (within a factor of 3) for all metal 

cations. Analogous similarities are found for the lanthanides and Th+ in Figure 6b. (Results for the 

D2 isotopologue are shown because they provide the same information as H2 reactions with better 

mass resolution and thus less noise.) Here, the lanthanide thresholds are clustered around 1.5 – 2.0 

eV, with that for Th+ somewhat lower (comparable to Ta+). Again the cross sections peak near 
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D0(D2) = 4.556 eV.  

 

VII. THERMOCHEMISTRY 

A. Lanthanides 

Bohme and co-workers have previously shown that the LnO+ BDEs correlate well with the 

promotion energy needed to achieve a 5d16s1 electron configuration on Ln+, Ep(5d16s1), although 

the correlation differs for the early (La - Sm) and late lanthanides (Eu - Lu) (Koyanagi & Bohme, 

2001). In a systematic exploration of the neutral and cationic oxide BDEs of lanthanides and 

actinides, Gibson considered promotion energies to both 5d16s1 and 5d2 configurations, showing 

that the latter provides a better correlation (Gibson, 2003). Comparisons using updated BDEs are 

shown in Figure 7. Correlation with the 5d2 configuration has an R2 value of 0.96, whereas that for 

5d16s1 is 0.83. Further, a correlation using a slope of negative unity (dashed line) provides almost 

as good a reproduction of the Ep(5d2) data. Calculations on LnO+ clearly show that these molecules 

have a triple bond (1214) formed by combinations of the 2p orbitals (with four electrons) on 

oxygen with 5d orbitals (and two electrons) on the lanthanide cation (Demireva, Kim & 

Armentrout, 2016; Armentrout & Cox, 2017; Ghiassee, Kim & Armentrout, 2019; Ghiassee, 

Stevenson & Armentrout, 2021). There is little 6s character in the sigma bond, consistent with the 

correlation to the 5d2 electronic configuration. All remaining valence electrons reside in 4f orbitals, 

such that the LnO+ valence configurations correspond to 1214 [4fn].  

In addition to the correlations considered by Bohme and Gibson, it is also reasonable to 

consider correlations with other charge states of the asymptote. Recently, Morse and co-workers 

have shown a very good correlation of neutral lanthanide oxide, sulfide, and selenide (LnX where 

X = O, S, and Se) BDES with promotion energies to the Ln+(5d16s1) + X‒ dissociation limit 

(Sorensen, Tieu & Morse, 2021). In this same vein, Figure 7 shows an analogous correlation 

between D0(LnO+) and the energy needed to dissociate to form Ln2+(5d1) + O‒, i.e., IE(Ln+) + 

Ep(Ln2+, 5d1) – EA(O‒), where Ep(Ln2+, 5d1) is the promotion energy needed to take ground state 

Ln2+ to a configuration having a single 5d electron and EA is the electron affinity of O, 1.461 eV 



23 

 

(Ruscic & Bross, 2019). These IE and Ep values were taken from (Kramida et al., 2012). The plot 

in Figure 7, which has an intercept of 18.53 eV, also arbitrarily subtracts 9 eV from the correlation 

in order to put it on the same scale as the other two correlations. As can be seen, this correlation 

(R2 = 0.98) is slightly better than that for Ep(5d2), and naturally has a slope of -1.00. The only point 

that deviates significantly from the line is that for EuO+, potentially indicating this BDE value is 

somewhat low or that the very stable half-filled 4f7 shell in Eu2+ leads to a different bonding 

configuration. Notably, Morse and co-workers found Eu (and Sm) were anomalous in their 

correlations as well (Sorensen, Tieu & Morse, 2021). Importantly, this correlation indicates that 

electronic configuration of LnO+ remains the same as that derived from Ep(Ln+,5d2), i.e., a triple 

bond (1214) formed using O (2p) and Ln (5d) orbitals; however, the correlation suggests that 

the LnO+ molecules probably have some ionic character. 

Figure 8 shows the lanthanide oxide cation BDEs measured using GIBMS experiments, 

along with those for the carbides, dioxides, and hydrides. To the author’s knowledge, information 

on the latter species is not available for the remaining lanthanides, certainly at the level of the 

present compilation. Because the LnO+ bonds are all strong, reactions with O2 to form LnO+ are 

exothermic, as indicated by the dashed line in Figure 8. Clearly, the LnC+ and LnO2
+ BDEs are 

much weaker than those for LnO+, but the pattern across the periodic table remains similar. Thus, 

the same promotion energy arguments discussed above appear to hold for these species. For the 

carbides, calculations indicate that the LnC+ molecules form by combining the 2p orbitals (two 

electrons) on carbon with 5d orbitals (two electrons) on the lanthanide cation. This leads to 1113 

valence configurations for LnC+ with a bond order of two and the same number of 4f electrons as 

the analogous LnO+ molecules (Demireva, Kim & Armentrout, 2016; Ghiassee, Kim & 

Armentrout, 2019; Ghiassee, Stevenson & Armentrout, 2021). Given the bond orders of LnC+ and 

LnO+, one might have expected that the carbide BDEs would be about two-thirds of the oxide 

BDEs; whereas the ratio is closer to one half. (For Pr, Nd, and Gd, the BDE ratio of MC+/MO+ is 

0.45, whereas that for Sm is 0.58 (Ghiassee, Stevenson & Armentrout, 2021).) This difference can 

be attributed to the higher electronegativity of O versus C, which stabilizes the valence bonding 
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molecular orbitals in the oxides. Finally, we note that the BDE for CeC+ is comparable to that for 

PrC+ even though the promotion energy arguments (and parallels with LnO+) would suggest it 

should be substantially larger. Given the large uncertainty in the CeC+ BDE, these observations 

suggest that the true value probably lies close to the experimental upper limit.  

For the dioxides, the additional oxygen contributes four more electrons to the bonding but 

no more electrons are contributed by the lanthanide. Because the two oxygen ligands share the two 

5d electrons on Ln+, the bond order is half that of the monoxides, consistent with the energies 

observed. For PrO2
+ and NdO2

+, the molecules are linear with valence electronic configurations of 

g
2g

4u
4, where the orbitals resemble those of CO2, except the nonbonding u orbitals have a 

small amount of 4f character (Ghiassee, Kim & Armentrout, 2019; Ghiassee, Stevenson & 

Armentrout, 2021). The same should be true of SmO2
+, although detailed calculations have not 

been carried out. For GdO2
+, the half-filled 4d7 shell means that the molecule prefers to be bent, 

with the two Gd (5d) electrons forming a bond with the two singly-occupied g antibonding 

orbitals on O2 (Demireva & Armentrout, 2017). 

 In contrast to the sharp changes observed in the LnO+, LnC+, and LnO2
+ BDEs moving 

across the periodic table, the LnH+ BDEs vary by less than 20%. Here too, the bonding orbital on 

Ln+ is a 5d, such that promotion energy arguments should again be valid, with promotion to an 

electronic configuration having a singly occupied 5d orbital needed. Ep(5d1) is zero for La+ (5d2), 

Ce+ (4f15d2), and Gd+ (4f75d16s1), and these three have the strongest LnH+ BDEs among the 

lanthanides, Table 1. The BDEs for the hydrides of Pr+ (4f36s1), Nd+ (4f46s1), and Sm+ (4f66s1) are 

smaller because Ep(5d1) = 0.48, 0.63, and 0.88 eV, respectively. Notably the trend is only 

qualitative because the magnitude of the reduction is less than the Ep values. Mitigating factors 

have not been identified clearly but potentially involve the exchange energy associated with spin 

decoupling the 5d electron from the other valence electrons, the extent of 5d versus 6s character 

in the bond, and whether valence orbitals other than 4f are occupied in LnH+ (yes for La, Ce, and 

Gd, but no for Pr, Nd, and Sm). For Lu+ (4f146s2) with Ep(5d1) = 1.46 eV, a smaller BDE might 

have been expected, which suggests that a different mode of bonding may be operational, but this 
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has not been investigated theoretically. 

B. 5d Transition Metals 

 1. Oxides. Unlike the lanthanides, changes in the metal-ligand BDEs for the 5d TM+ are 

not dominated by promotion energy effects, but rather by the filling of the available molecular 

orbitals (MOs) and the loss of exchange energy. For the metal oxides, it can be seen that HfO+, 

TaO+, and WO+ BDEs are sufficiently strong to exceed D0(O2), Figure 8, consistent with the 

behavior observed in Figure 1. In the case of HfO+, the BDE is reduced because promotion from 

the 2D (5d16s2) ground state to the 4F (5d26s1) excited state (0.45 eV higher in energy (Kramida et 

al., 2012)) is needed to form the strong triple bond. This leads to a 2+ ground state having a 

121421 valence electronic configuration (Hinton, Li & Armentrout, 2009). Here, the MOs have 

been qualitatively described by Schröder et al. (Schröder, Schwarz & Shaik, 2000). As for the 

lanthanides, the 1 and 1 orbitals are bonding MOs between the metal 5d and oxygen 2p orbitals. 

The 2 MO is largely a 6s orbital on the metal along with some 5d hybridization. Low-lying 

orbitals are the metal 5d nonbonding 1 MOs, followed by the antibonding 2 and 3 MOs. For 

TaO+ and WO+, the additional electrons are placed in the 1 MO leading to 3 (12142111) and 

4− (12142112) ground states that require no promotion (Hinton, Li & Armentrout, 2009). For 

ReO+, the additional electron can be added to the 2, 1, or 2 MOs. Calculations indicate that 

both the 3 (12142113) and 5 (1214211221) states are low-lying, with corrections for 

spin-orbit effects suggesting the former is the true ground state (by 0.16 eV at the CCSD(T)/CBS 

level) (Armentrout, 2013). In either case, the BDE is reduced either by the loss of exchange energy 

(3) or the occupation of the antibonding MO (5). For OsO+, the additional electron can be added 

to the 2 MO of either low-lying state of ReO+ leading to 4 (1214211321) and 6+ 

(1214211222) states, with the former being the likely ground state once spin-orbit corrections 

are applied (Hinton, Citir & Armentrout, 2013). IrO+ has a 5 (1214211322) ground state 

(Armentrout & Li, 2013), such that addition of the electron to the 21 MO reduces the BDE further. 

PtO+, with a 4− (1214211422) ground state (Heinemann, Koch & Schwarz, 1995; Zhang & 

Armentrout, 2003), adds an electron to the nonbonding 1 MO. Here the BDE is reduced because 
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the 4− state correlates with the 4F (5d86s1) excited state of Pt+, which lies 0.59 eV above the 2D 

(5d9) ground state. Finally, the closed shell Au+ (1S, 5d10) atomic cation forms a bond with oxygen 

in a 3− (1214221422) state by adding the electron to the 2 MO (Li, Gorham & Armentrout, 

2010). This state correlates with an excited state of Au+, 3F (5d86s2), lying 5.02 eV above the 

ground state; hence, the AuO+ BDE is particularly low. 

 2. Carbides. Figure 8 shows that the 5d transition metal carbide cations have BDEs that 

generally increase across the periodic row, in direct contrast to the behavior of the oxides. Many 

of these values are determined from studies of reaction 3, but some result from reactions of M+ 

with alkanes. As for the lanthanides, calculations indicate that the 5d TM+ combine 5d orbitals on 

the metal with 2p orbitals on carbon to form the same bonding orbitals as for the oxides, 1 and 

1 along with the nonbonding 2 (largely 6s) and 1 and antibonding 2 MOs. Of course, because 

C has only two p electrons, formation of a triple bond requires that the metal contribute four 

electrons and two of these must be low-spin coupled. This situation occurs easily for late TM+ with 

either 5dn or 5dn-16s1 configurations. Indeed, Table 1 shows the maximum MC+ BDE occurs for 

IrC+, which has a 1+ (121414) ground state and a low-lying 3 (12141321) state (calculated 

as 0.14 eV higher at the CCSD(T)/CBS level) (Kim, Cox & Armentrout, 2016). The disparity 

between these two states arises because the former diabatically correlates with Ir+ (3F, 5d8), which 

lies 0.28 eV above the 5F (5d76s1) ground state that correlates with the 3 state. The latter 

correlation favors the 3 state as does the higher exchange energy, but occupation of the 2 MO 

has repulsive interactions with the bonding 1 MO (as shown by a longer bond length and lower 

vibrational frequency: 1.671 Å and 1046 cm-1 for 3 versus 1.626 Å and 1132 cm-1 for 1+) For 

PtC+, the additional electron yields a 2+ (12141421) state (Zhang & Armentrout, 2003), which 

correlates with excited Pt+ (4F, 5d86s1), lying 0.59 eV above the 2D (5d9) ground state. The 

promotion energy and occupation of 2 naturally lowers the BDE compared to IrC+. Likewise, 

formation of the AuC+ ground state, 1+ (12141422) (Li & Armentrout, 2006), requires 

coupling to either Au+ (3F, 5d86s2) + C (3P, 2p2) or to Au+ (1S, 5d10) + C (1S, 2p2). The promotion 

energies are 5.02 and 2.68 eV, respectively, such that the latter asymptote is operative, but again 
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this lowers the AuC+ BDE appreciably.  

 Moving to the left of IrC+ in the periodic table, electrons are removed from the nonbonding 

1 MO, yielding low-lying 4− (12141221) and 2 (121413) states for OsC+, where the latter 

is the ground state by 0.31 eV once spin-orbit corrections are applied (Kim, Cox & Armentrout, 

2016). This latter state correlates with Os+ (4F, 5d7), with an excitation that has not been assigned 

spectroscopically. For ReC+, the ground state is 3− (121412) (Kim, Cox & Armentrout, 2016), 

correlating with Re+ (5D, 5d6), which also has not been spectroscopically identified. For both OsC+ 

and ReC+, these promotion energies lead to reductions in the BDEs. For all lighter 5d TM+, the M+ 

asymptote having a 5dn configuration with one 5d orbital doubly occupied is a high lying low-spin 

state, as the high-spin configuration is preferred because of favorable exchange energies. So for 

WC+ and TaC+, electrons are removed from the 1 MO, leading to 2 (121411) and 1+ (1214) 

ground states, respectively. These states diabatically correlate with low-spin M+ states having 

promotion energies exceeding 3 eV. TaC+ is also calculated to have a low-lying (within 0.1 eV) 

3+ (121321) state (Balasubramanian, 2000; Hinton, Li & Armentrout, 2009), which correlates 

with the Ta+ (5F, 5d36s1) ground state. The lack of promotion energy is compensated by the reduced 

bond order and repulsive 2 MO occupation. Hf+ only has three valence electrons such that it 

cannot form a triple bond with carbon. Its ground state is 2+ (1114) (Hinton, Li & Armentrout, 

2009), which diabatically correlates with the Hf+ (2G, 5d3) excited state lying 3.48 eV above the 

2D (5d16s2) ground state, explaining its low BDE.  

 3. Dioxides. The ground states of TaO2
+, WO2

+, and ReO2
+ have been calculated as 1A1, 

2A1 (Hinton et al., 2011), and 3B1 (Beyer et al., 1999) (a 1A1 state is calculated to be 0.10 eV higher 

in energy) (Armentrout, 2013), respectively. All three molecules can be described as having 

valence configurations of 1a1
21b2

21a2
22a1

21b1
22b2

2 with no additional electrons, an added 3a1 

electron, and added 3a1
12b1

1 (or 3a1
2) electrons, respectively. The MOs of MO2

+ have been 

described previously (Kretzschmar et al., 1997), although they use different symmetry 

designations than the ones used here, which have been recommended elsewhere (Mulliken, 1955). 

Basically, the 1a1 MO is an in-plane -like bonding MO shared by both oxygens, 1b2 and 2a1 are 
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the -like bonding MOs, 1a2 and 1b1 are out-of-plane -like bonding MOs, 2b2 is a nonbonding 

MO, 3a1 is largely a 5d-6s hybrid with some antibonding character, and 2b1 is the antibonding 

analogue of 1b1. Thus, these three metal dioxides have ten bonding electrons and no antibonding 

electrons (discounting 3a1 as antibonding) such that the bond orders for each MO bond in all three 

molecules are 2.5. This explains why all three OM+-O BDEs are similar (5.9 ± 0.3 eV) and 

somewhat below the triple MO+ BDEs of ~7 eV, Figure 8.  

 For OsO2
+, the core valence configuration noted above adds 3a1

22b1
1 electrons for a 2B1 

ground state. The addition of the antibonding 2b1 electron explains why its BDE is smaller than 

that for ReO2
+. IrO2

+ adds another 2b1 electron, indicating its BDE should decrease further. This 

BDE has not been measured, but this prediction is consistent with theoretical calculations of this 

BDE (Kim & Armentrout, 2021). For PtO2
+, the next electron is added into a 6s-like MO, which 

directs the molecule to be linear. Characterization of the ground state of PtO2
+ has proven to be 

problematic, even using multireference approaches (Brönstrup et al., 2001; Zhang & Armentrout, 

2003). Given that AuO+ is closed shell, the OAu+-O bond is expected to be weak and has not yet 

been measured.  

 4. Hydrides. As for the lanthanides, the BDEs of the hydrides of the 5d TM+ do not vary 

appreciably across the periodic table, Figure 8. It can be seen that the values are about 1/3 those of 

the strongest metal oxide cation BDEs, consistent with assigning the former as single bonds and 

the latter as triple bonds. Periodic trends in the 5d transition metal hydride cations were predicted 

using generalized valence bond (GVB) theory well before experiments (except for LaH+) were 

available (Ohanessian, Brusich & Goddard, 1990). The considerations outlined in that theoretical 

work succinctly explain the variations that are observed. Key elements are the hybridization of the 

metal bonding orbital and variations in the exchange energy associated with the nonbonding metal 

electrons. GVB theory shows that the metal bonding orbital is largely 5d, with variations in the 

amount of 6s character increasing from 23% at La+ to 43% at Os+, then back down to 11% at Pt+, 

with Au+ utilizing 30% 6s character. Exchange energies vary systematically from low values at 

La+ and Au+ to a maximum at Re+. Promotion energy effects also occur for La+, Hf+, Pt+, and Au+. 
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When combined quantitatively, these factors nicely explain the periodic variations now observed 

experimentally, with 0 K BDEs that differ from experiment (Table 1) by a mean absolute deviation 

of about 0.2 eV. 

C. Thorium 

 Figure 8 also compares the BDEs for ThH+, ThC+, ThO+, and ThO2
+ with those of the 

lanthanides. Thorium lies below cerium in the periodic table, such that the similarity in the oxide 

and hydride BDEs is not surprising. As noted above, it is expected that the CeC+ BDE is larger 

than listed in Table 1, and the comparison to ThC+ is consistent with that hypothesis. Theory shows 

that the bonding character of these molecules parallels that described above (Cox, Armentrout & 

de Jong, 2016; Cox et al., 2016).  

In the case of ThO2
+, the BDE was compared with those of the group 4 transition metal 

dioxide cations, TiO2
+ and ZrO2

+ (Armentrout & Peterson, 2020). HfO2
+ and CeO2

+ would also 

have been relevant, but BDEs for these molecules are not available. For Ti and Zr, the ratio of the 

first and second oxide cation BDE is almost exactly one half, whereas for ThO2
+, the 

D0(OTh+-O)/D0(Th+-O) ratio is 0.58. As alluded to above, the 0.50 ratio makes sense because the 

bond order in these systems changes from 3 for the monoxide to 1.5 for the dioxide. The 8% 

enhancement observed for Th was attributed to the contribution of 5f orbitals to the bonding, which 

could be quantitatively estimated as 1.5 eV for two 5f bonds and one electron in 5f bond. 

Although appreciable from a thermodynamic point of view, such interactions are still weaker than 

Th (5d) – O (2p) covalent bonds, which are worth about 2.8 eV each. Theory is consistent with 

this experimental analysis and finds that the 5f orbital participation leads to a linear molecule for 

ThO2
+ (Wadt, 1981; Dyall, 1999), in contrast to bent species for TiO2

+ and ZrO2
+. Figure 9 shows 

the 1u (doubly occupied degenerate orbitals) and 1u (singly occupied) MOs for ThO2
+.  

 

VIII. CHEMI-IONIZATION 

Our recent efforts to examine the oxidation thermochemistry of the lanthanides in a 

systematic fashion is motivated by an interesting atmospheric problem. Satellite communication 
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utilizes radio waves that pass through the ionosphere twice, once on the way to the satellite and 

then back again to the target. Discontinuities in the plasma density can grow to sizes where the 

imperfections refract the radio waves, disrupting communication for many seconds, a dropout in 

signal known as scintillation. The U. S. Air Force is interested in mediating scintillation and has 

explored the use of spontaneous chemi-ionization (CI) reactions, e.g., reaction 6. 

    M + O  →  MO+ + e‒     (6) 

Oxygen atoms are abundant in the ionosphere and act as a ready reagent. Reaction 6 is clearly 

unusual, which can be attributed to the fact that for this reaction to be exothermic, CIH < 0, it 

requires that the BDE of MO, D0(MO), exceed the ionization energy of MO, IE(MO): CIH = 

IE(MO) - D0(MO). For most species, IEs are usually much larger than their BDEs, so reaction 6 

requires a strong bond and a low IE. The latter requirement implicates a metal and the former 

means a triple bond is needed. As detailed above, early transition metals and, by extension, many 

lanthanides and actinides can form the strong triple bond with oxygen and also have relatively low 

IEs. It has been known since the 1970’s that such CI reactions do occur with reasonable cross 

sections (Fite, Lo & Irving, 1974; Lo & Fite, 1974; Fite, Patterson & Siegel, 1976). More recent 

work has documented this further for several lanthanides (Ard et al., 2015; Ard et al., 2016). 

 In 2013, the Air Force Research Laboratory (AFRL) put this idea to an atmospheric test in 

the Metal Oxide Space Cloud (MOSC) experiment (Bernhardt et al., 2017; Caton et al., 2017). 

Sounding rockets containing 6 kg of samarium (Sm) coupled to a thermite reactor were launched 

above an atoll in the Republic of the Marshall Islands, and the thermite was ignited at altitudes 

near 170 and 180 km. A pink cloud, 10 – 50 km in diameter (Retterer et al., 2017), was observed 

from land-based observation sites attesting to some reaction between Sm and the atmosphere. The 

cloud persisted for several hours. A number of land-based measurements were made and carefully 

monitored the characteristics of the cloud. Many aspects of the reaction did not achieve pre-flight 

predictions; in particular, the artificial plasma density was about an order of magnitude smaller 

than expected. To understand this problem, it seemed clear that better information about the CI 

reaction was needed. At the time, literature thermochemistry, reviewed thoroughly in (Cox et al., 
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2015), indicated that D0(SmO) = 5.88 ± 0.17 eV (Pedley & Marshall, 1983) and IE(SmO) = 5.55 

± 0.10 eV (Ackermann, Rauh & Thorn, 1976), such that CIH (Sm) = -0.33 ± 0.20 eV.  

It can be realized that the CI thermochemistry can also be obtained using different input 

data, namely CIH = IE(M) – D0(MO+). As the IE(M) values for all elements are accurately known 

from spectroscopic work, e.g., IE(Sm) = 5.6437 eV (Kramida et al., 2012), measurement of the 

MO+ BDE is an alternate route to determine the CI thermodynamics. Therefore, studies utilizing 

flow tubes were pursued and demonstrated that the oxidation reaction of Sm+ was exothermic with 

N2O, NO2, O2 and SO2, but was not observed for CO2 or NO (Cox et al., 2015). These results 

indicate only that D0(OS-O) = 5.661 ± 0.014 eV < D0(SmO+) < D0(NO) = 6.500 ± 0.004 eV 

(Johnson III, 2018), which is consistent with the literature value: D0(SmO+) = D0(SmO) – IE(SmO) 

+ IE(Sm) = 5.88 – 5.55 + 5.6437 = 5.97 ± 0.20 eV. At this point, GIBMS studies were pursued to 

examine the reactions of Sm+ with O2, SO2, CO, along with CID reactions of SmO+ with Xe and 

O2 (Cox et al., 2015). Three reactions provided three useful values for D0(SmO+), which yielded a 

weighted average final value of 5.725 ± 0.07 eV. When combined with IE(Sm), this indicates CIH 

= -0.08 ± 0.07 eV, less exothermic than the literature value. In parallel, IE(SmO) was remeasured 

using pulsed field ionization zero kinetic energy photoelectron spectroscopy, yielding a value of 

5.7427 ± 0.0006 eV (Cox et al., 2015). Combined with the literature value for D0(SmO), this 

indicates that CIH = -0.14 ± 0.17 eV, showing that the value obtained using D0(SmO+) is accurate.  

The reason that this subtle difference in CI exothermicities makes such a difference in the 

atmospheric observations is related to the reverse dissociative recombination reaction (reforming 

M + O), the reverse of reaction 6. Clearly, the cation and electron are strongly attracted by 

Coulomb forces such that the reverse process potentially has a very large cross section, but the 

reverse reaction can only occur if there is enough energy. Thus, if the CI reaction is exothermic, 

then the reverse process can only occur if the electron is energetic enough (or if the SmO+ has 

internal excitation). At an elevation of ~200 km, electrons have a kinetic energy distribution 

reasonably described as Maxwellian at about 1000 K. If the CI reaction is exothermic by 0.33 eV, 

then few electrons are energetic enough to induce dissociative recombination; whereas if CIH 
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= -0.07 eV, then a large fraction of the electrons can induce the reverse process limiting ionization 

to about 10% (Caton et al., 2017). This explains the order of magnitude difference in the expected 

plasma density observed in the atmospheric tests. 

 One fascinating aspect of the CI experiment is that there is an inverse correlation between 

CIH and the boiling point of the metal (or enthalpies of vaporization), or viewed differently, the 

stronger the metal-metal interactions are, the stronger the metal-oxygen interactions are (which 

increases the exothermicity of reaction 6). Thus, lanthanides whose CI reactions are strongly 

exothermic are lanthanides with high boiling points. Sm has been used for most atmospheric tests 

to date because the CI reaction was thought to be exothermic enough, and it has a relatively low 

boiling point, only 2173 K, and low vaporization enthalpy (2.0 eV) (Zhang, Evans & Yang, 2011). 

In contrast, La, Ce, Pr, Nd, and Gd, which all have much stronger LnO and LnO+ BDEs (see Figure 

8 and Table 1), have boiling points exceeding 3273 K and vapH values exceeding 3.0 eV. From a 

practical point of view, efficient vaporization of the metal is required to generate metal atoms as 

the reactant for the CI reaction 6. Therefore, locating a metal that strikes a balance between the 

exothermicity of the CI reaction and the ease of its vaporization is needed. 
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Table 1. Metal ligand cation bond energies (eV) for selected lanthanides and 5d transition metals 

Uncertainties in parentheses. Values not from GIBMS results are in italics. a (Elkind, Sunderlin 

& Armentrout, 1989). b (Gibson, 2003). c (Ghiassee & Armentrout, 2020). d (Gingerich, 1969). 
e (Cox et al., 2016) and its Supporting Information. f (Ghiassee, Ewigleben & Armentrout, 2020). 
g (Ghiassee, Stevenson & Armentrout, 2021). h (Ghiassee & Armentrout, 2021). i (Ghiassee, Kim 

& Armentrout, 2019). j (Demireva & Armentrout, 2018). k (Cox et al., 2015). l (Demireva & 

Armentrout, 2018). m (Demireva, Kim & Armentrout, 2016). n (Demireva & Armentrout, 2017). 
o (Hinton & Armentrout, 2010). p (Hinton, Li & Armentrout, 2009). q (Zhang et al., 2002). 
r (Hinton et al., 2011). s (Armentrout & Li, 2004). t (Kim, Cox & Armentrout, 2016). 
u (Armentrout, 2013). v (Kim, Cox & Armentrout, 2020). w (Hinton, Citir & Armentrout, 2011). 
x (Hinton, Citir & Armentrout, 2013). y (Kim & Armentrout, 2020). z (Li, Zhang & Armentrout, 

2005). aa (Kim & Armentrout, 2021). bb Theory value from (Kim & Armentrout, 2021). cc(Zhang 

& Armentrout, 2002). dd (Zhang & Armentrout, 2003). ee (Zhang & Armentrout, 2003). ff (Li et 

al., 2011). gg (Aguirre et al., 2000) as reinterpreted in (Li & Armentrout, 2006). hh (Li, Gorham & 

M+ Elec. Config. M+-H M+-C M+-O OM+-O 

La+ 5d2 2.48 (0.09)a   8.78 (0.16)b  

Ce+ 4f 15d2 2.19 (0.09)c 2.72 (1.04)d  8.82 (0.21)e  

Pr+ 4f 36s1 2.10 (0.03)f 2.97 (0.10)g 7.62 (0.09)g 2.47 (0.11)g 

Nd+ 4f 46s1 1.99 (0.06)h  2.61 (0.30)i 7.28 (0.05)i  2.12 (0.30)i  

Sm+ 4f 66s1 2.03 (0.03)j 2.16 (0.07)k 5.72 (0.07)k  1.14 (0.15)k 

Gd+ 4f 75d16s1 2.18 (0.07)l  3.18 (0.18)m 7.69 (0.10)m 2.86 (0.08)n  

Lu+ 4f 146s2 2.11 (0.16)a  5.39 (0.16)b  

Hf+ 5d16s2 2.11 (0.08)o 3.19 (0.03)p 6.91 (0.11)p  

Ta+ 5d36s1 2.38 (0.06)q 3.79 (0.04)p 7.10 (0.12)p 

7.01 (0.12)r 

6.08 (0.12)r 

W+ 5d46s1 2.27 (0.05)q 4.76 (0.09)p 6.77 (0.07)p 

6.72 (0.10)r 

5.49 (0.09)r 

Re+ 5d56s1 2.29 (0.07)s 5.13 (0.12)t 4.82 (0.03)u 6.05 (0.05)v 

Os+ 5d66s1 2.45 (0.10)w 6.14 (0.14)t 4.96 (0.01)x 5.31 (0.07)y 

Ir+ 5d76s1 3.12 (0.06)z 6.58 (0.12)t 4.26 (0.05)aa 4.28bb 

Pt+ 5d9 2.81 (0.05)cc  5.46 (0.05)dd  3.26 (0.07)dd 3.06 (0.07)ee 

Au+ 5d10 2.13 (0.11)ff >3.19 (0.08)gg 1.12 (0.08)hh  

Th+ 6d27s1/6d17s2 2.45 (0.07)ii 4.82 (0.29)jj 8.57 (0.14)jj 4.94 (0.06)kk 
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Armentrout, 2010). ii (Cox, Armentrout & de Jong, 2016). jj (Cox et al., 2016). kk (Armentrout & 

Peterson, 2020).   
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Figure Captions 

FIGURE 1. Cross sections for reactions of O2 with Hf+ (red triangles), Ta+ (black circles), W+ 

(green inverted triangles)(Hinton, Li & Armentrout, 2009), Re+ (blue squares)(Armentrout, 2013), 

Os+ (pink diamonds)(Hinton, Citir & Armentrout, 2013), Ir+ (purple triangles)(Armentrout & Li, 

2013), Pt+ (red inverted triangles)(Zhang & Armentrout, 2003), Au+ (1S) (yellow circles), and Au+ 

(3D) (yellow triangles)(Li, Gorham & Armentrout, 2010) as measured using GIBMS. The arrow 

indicates the BDE of O2 at 5.117 eV. The black line shows the LGS collision cross section. [Color 

figure can be viewed at wileyonlinelibrary.com]. 

 

FIGURE 2. Cross sections for reactions of O2 with Pr+ (blue squares)(Ghiassee, Stevenson & 

Armentrout, 2021), Nd+ (pink diamonds)(Ghiassee, Kim & Armentrout, 2019), Sm+ (purple 

triangles)(Cox et al., 2015), Gd+ (green inverted triangles)(Demireva, Kim & Armentrout, 2016), 

and Th+ (black circles), as measured using GIBMS. The arrow indicates the BDE of O2 at 5.117 

eV. The black line shows the LGS collision cross section. [Color figure can be viewed at 

wileyonlinelibrary.com]. 

 

FIGURE 3. Cross sections for reactions of CO to form MO+ (part a) and MC+ (part b) with Hf+ 

(red triangles), Ta+ (black circles), W+ (green inverted triangles)(Hinton, Li & Armentrout, 2009), 

Re+ (blue squares), Os+ (pink diamonds), Ir+ (purple triangles)(Kim, Cox & Armentrout, 2016), 

and Pt+ (red inverted triangles, with line showing total cross section)(Zhang & Armentrout, 2003) 

as measured using GIBMS. The arrow indicates the BDE of CO at 11.111 eV. [Color figure can 

be viewed at wileyonlinelibrary.com]. 

 

FIGURE 4. Cross sections for reactions of CO to form MO+ (part a) and MC+ (part b) with Pr+ 

(blue squares)(Ghiassee, Stevenson & Armentrout, 2021), Nd+ (pink diamonds)(Ghiassee, Kim & 

Armentrout, 2019), Sm+ (purple triangles)(Cox et al., 2015), Gd+ (green inverted triangles) 

(Demireva, Kim & Armentrout, 2016), and Th+ (black circles)(Cox et al., 2016), as measured using 
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GIBMS. The arrow indicates the BDE of CO at 11.111 eV. [Color figure can be viewed at 

wileyonlinelibrary.com]. 

 

FIGURE 5. Cross sections for reactions of CO2 to form MO+ (solid symbols) and MCO+ (open 

symbols, x10 except for PtCO+) with Pr+ (blue squares)(Ghiassee, Stevenson & Armentrout, 

2021), Nd+ (pink diamonds)(Ghiassee, Kim & Armentrout, 2019), Sm+ (purple triangles) 

(Armentrout & Cox, 2017), Gd+ (green inverted triangles)(Demireva & Armentrout, 2018), and 

Pt+ (red inverted triangles)(Zhang & Armentrout, 2003), as measured using GIBMS. The arrow 

indicates the BDE of CO2 at 5.45 eV. The black dashed line is the LGS collision cross section. 

The red line is the total cross section for reaction with Pt+. [Color figure can be viewed at 

wileyonlinelibrary.com].  

 

FIGURE 6. Part a. Cross sections for reactions of H2 with Hf+ (red triangles)(Hinton & 

Armentrout, 2010), Ta+ (black circles), W+ (green inverted triangles)(Zhang et al., 2002), Re+ (blue 

squares) (Armentrout & Li, 2004), Os+ (pink diamonds)(Hinton, Citir & Armentrout, 2011), Ir+ 

(purple triangles)(Li, Zhang & Armentrout, 2005), Pt+ (red inverted triangles)(Zhang & 

Armentrout, 2002), and Au+ (yellow circles)(Li et al., 2011) as measured using GIBMS. The arrow 

indicates the BDE of H2 at 4.479 eV. Part b. Cross sections for reactions of D2 with Ce+ (red 

triangles)(Ghiassee & Armentrout, 2020), Pr+ (blue squares)(Ghiassee, Ewigleben & Armentrout, 

2020), Nd+ (pink diamonds)(Ghiassee & Armentrout, 2021), Sm+ (purple triangles)(Demireva & 

Armentrout, 2018), Gd+ (green inverted triangles)(Demireva & Armentrout, 2018), and Th+ (black 

circles)(Cox, Armentrout & de Jong, 2016) as measured using GIBMS. The arrow indicates the 

BDE of D2 at 4.556 eV. [Color figure can be viewed at wileyonlinelibrary.com].  
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FIGURE 7. Lanthanide oxide cation bond dissociation energies as a function of the promotion 

energy to either a 5d16s1 (red triangles) or 5d2 (black circles) electron configuration for Ln+ or the 

Ln2+ (5d1) (blue inverted triangles) electron configuration. Full lines are linear regression fits to 

all the data. The dashed black line has a slope of -1. BDEs not included in Table 1 and all Ep values 

for Ln+ are from (Gibson, 2003) and the IE(Ln+) and Ep(Ln2+,5d1) values are from (Kramida et al., 

2012). [Color figure can be viewed at wileyonlinelibrary.com]. 

 

FIGURE 8. Metal ligand cation bond dissociation energies across the periodic table. All values 

are from Table 1. Vertical lines indicate breaks in the periodic sequence. The horizontal red 

dashed line indicates D0(O2). [Color figure can be viewed at wileyonlinelibrary.com]. 

 

FIGURE 9. Molecular orbitals calculated for linear OThO+. Adapted from (Armentrout & 

Peterson, 2020). [Color figure can be viewed at wileyonlinelibrary.com].  
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