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ABSTRACT

Guided ion beam tandem mass spectrometry (GIBMS) was used to measure the kinetic 

energy dependent product ion cross sections for reactions of the lanthanide metal praseodymium 

cation (Pr+) with O2, CO2, and CO and reactions of PrO+ with CO, O2, and Xe. PrO+ is formed 

through barrierless exothermic processes when the atomic metal cation reacts with O2 and CO2, 

whereas all other reactions are observed to be endothermic. Analyses of the kinetic energy 

dependences of these cross sections yield 0 K bond dissociation energies (BDEs) for PrO+, PrC+, 

PrCO+, and PrO2
+. The 0 K BDE for PrO+ is determined to be 7.62 ± 0.09 eV from the weighted 

average of five independent thresholds. This value is combined with the well-established 

ionization energy (IE) of Pr to indicate an exothermicity of the chemi-ionization reaction, Pr + O 

→ PrO+ + e‒, of 2.15 ± 0.09 eV. Additionally, BDEs of Pr+-C, OPr+-O, and Pr+-CO are 

determined to be 2.97 ± 0.10. 2.47 ± 0.11, and 0.31 ± 0.07 eV. Theoretical Pr+-O, Pr+-C, OPr+-O, 

and Pr+-CO BDEs are calculated for comparison with experimental values. The Pr+-O BDE is 

underestimated at the B3LYP and PBE0 level of theory but better agreement is obtained using 

the coupled-cluster with single, double, and perturbative triple excitations, CCSD(T), level. 

Density functional theory approaches yield better agreement for the BDEs of Pr+-C, OPr+-O, and 

Pr+-CO.
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INTRODUCTION

Natural fluctuations in electron density in the ionosphere can cause scintillation, the 

disruption of radio-wave transmission used in satellite communications. The Air Force is 

interested in mediating scintillation by using metal atoms that can react readily with oxygen 

atoms in the ionosphere via reaction (1).1-3 

M + O → MO+ + e– (1)

This chemi-ionization reaction is one potential means to create a localized enhanced plasma in 

the ionosphere, which may mitigate naturally occurring ionospheric scintillation. Previous 

studies have shown that reaction (1) is exothermic for many lanthanide metals and a few 

transition and actinide metals, and that for these metals, the reverse recombination process can 

only occur by much slower three-body channels.4 These elements form monoxides with 

ionization energies (IEs) smaller than their bond dissociation energies (BDEs). This property 

results in an exothermic release of an electron at thermal energies, as shown in Fig. 1. 

Atmospheric release experiments have been previously performed for the lanthanides samarium 

(Sm) and neodymium (Nd), and it was assumed that Sm underwent chemi-ionization while Nd 

did not.5 However, this is inconsistent with the known thermochemistry for these metals, which 

indicates that the chemi-ionization reaction (1) is significantly more exothermic for Nd (1.76 ± 

0.10 eV) than Sm (0.08 ± 0.07 eV).4-8 Further, a recent study of the rate constants for the chemi-

ionization reactions (1) of Sm and Nd, measured using a flow tube apparatus, indicated that Nd 

chemi-ionizes with O with high efficiency, while Sm does not.5 One possible explanation for the 

atmospheric release experiments is misinterpretation because the green photoluminescence 

observed for Nd release was taken as a failure to see reaction (1).5 

Recently,7 the exothermicity of the Sm chemi-ionization reaction (1), ΔCIH°0(Sm), was 

determined indirectly through the thermodynamic cycles shown in Fig. 1. Guided ion beam 

tandem mass spectrometry (GIBMS) was used to measure D0 (SmO+) as 5.725 ± 0.07 eV. Using 

the second thermodynamic cycle, this BDE was combined with IE (Sm) = 5.6437 eV9 to obtain 

an exothermicity of 0.08 ± 0.07 eV. This value was consistent with a less precise value of 0.14 ± 
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0.17 eV obtained independently from a remeasurement of IE(SmO) combined with literature 

D0(SmO) in the first thermodynamic cycle.7 These results indicate that the exothermicity of 

reaction (1) with Sm is ~0.2 eV lower than previous literature data, making it barely exothermic, 

which explained the smaller than expected magnitude for plasma enhancement observed in the 

Sm atmospheric release experiments.1-3, 7 Additionally, GIBMS studies have also reevaluated the 

thermochemistry of the chemi-ionization reaction (1) with Gd and Nd, indicating that this 

process is exothermic by 1.54 ± 0.10 eV and 1.76 ± 0.10 eV, respectively.8, 10

In the present work, we extend these GIBMS studies to examine oxidation of the 

lanthanide praseodymium, Pr. The recent flow tube studies show that the chemi-ionization 

reaction of Pr with atomic O occurs with an efficiency of ~40% of the calculated hard sphere 

collision limit over the temperature range of 200 to 450 K.11 An explanation for why reaction (1) 

with Pr is less efficient than several other lanthanides remained elusive but relied on literature 

thermochemistry, which is therefore reevaluated in the present work. Because IE(Pr) (5.463 ± 

0.002 eV)12, 13 is well-established, the exothermicity of the title reaction can be determined using 

thermodynamic cycle 2 in Fig. 1 if an accurate and precise value for D0(PrO+) can be measured. 

Here, the BDE of PrO+ is determined using GIBMS,14, 15 which has been used in previous studies 

to obtain reliable diatomic metal oxide cation BDEs.7, 8, 10, 16-28 In addition, the BDEs for PrC+, 

PrO2
+, and PrCO+ at 0 K are determined from these experiments. Theoretical BDEs are 

additionally calculated for all four product ions and compared with the experimental BDEs.

Review of the literature thermochemistry

Using the thermodynamic cycle presented in Figure 1 and previously reported IE and 

BDE values, the chemi-ionization exothermicity for Pr can be determined. Probably the most 

precise available value for IE(PrO), 4.90 ± 0.10 eV, comes from extrapolating the linear portion 

of the ionization efficiency curve in electron ionization measurements by Ackermann, Rauh, and 

Thorn.29 Additionally, rough measurements of 4.5 ± 0.5 eV,30 4.9 ± 0.5 eV,31 as well as 5.02 ± 

0.12 eV32 (as reported by Cockett et al.33) are also available. Several recent studies have found 
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that IEs for other metal oxides taken from the study of Ackermann et al. are unreliable and can 

differ by up to ~0.8 eV from more recent measurements.7, 10, 23, 28 

Previously reported PrO BDEs come from several sources and comparisons suffer from 

changes to the enthalpy and free energy functions used to extrapolate high temperature data to 0 

K values. White and co-workers first examined the oxygen atom exchange reaction (2) between 

Pr and both M = La and Nd.34 Ames et al. later included data for M = Tb and reanalyzed the 

previous data to report a 2nd law BDE for PrO at 0 K of 7.75 eV and a 3rd law value of 8.01 eV 

(averages of Tb and La results), for an average value of 7.88 ± 0.2 eV.35 

Pr (g) + MO (g) → PrO (g) + M (g) (2)

Brewer and Rosenblatt reevaluated these data choosing instead to average results relative to La 

and Nd (partly because the Tb results were lower by about 0.25 eV) for a recommended 0 K 

BDE of 7.76 ± 0.35 eV.36 Fries and Cater then measured the enthalpy of reaction (2) with M = Y 

and report D0 (PrO) = 7.78 ± 0.17 eV.37

Murad studied reaction (2) with Ti, obtaining D0(PrO) = 7.63 ± 0.13 eV, and reevaluated 

the data of Ames et al. to obtain 7.74 ± 0.22 eV.30 Cockett et al.33 evaluated all the available data 

and recommended a BDE of 7.6 ± 0.1 eV, whereas the review of Pedley and Marshall38 

examined the previous measurements and proposed a value of 7.70 ± 0.17 eV, taken primarily 

from the M = Ti equilibrium results of Murad and the M = La equilibrium results of Ames et al., 

but the M = Nd and Tb results gave consistent results. Their evaluation of reaction (2) results for 

M = Y from Fries and Cater yielded a substantially higher value (7.88 ± 0.19 eV). Dulick, 

Murad, and Barrow reexamined the results of Murad for reaction (2) with Ti, suggesting D0(PrO) 

= 7.74 ± 0.13 eV.39 The review by Konings et al.6 suggests a similar D0(PrO) = 7.74 ± 0.08 eV 

on the basis of exchange reactions (2) from reevaluated work done by Walsh et al. (M = La), 

Murad (M = Ti), along with that of Fries and Cater (M = Y).30, 34, 37 

Combining these various literature values for the PrO BDE (7.88 ± 0.2, 7.63 ± 0.13, 7.6 ± 

0.1, 7.70 ± 0.17, 7.74 ± 0.08 eV) and IE(PrO) (4.90 ± 0.10 eV) using thermodynamic cycle 1 in 
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Fig. 1 gives the possible exothermicities for the Pr chemi-ionization reaction of 2.98 ± 0.22, 2.73 

± 0.16, 2.70 ± 0.14, 2.80 ± 0.20, 2.84 ± 0.13 eV, a range of 2.56 – 3.20 eV.

Alternatively, the thermodynamic cycles of Fig. 1 can be used to determine the BDE of 

PrO+, using the BDEs and IE of PrO and IE(Pr). Ackermann, Rauh, and Thorn29 reported 

D0(PrO+) as 8.23 ± 0.10 eV using IE(Pr) and D0(PrO) values from Brewer and Rosenblatt (5.37 ± 

0.10 and 7.76 ± 0.10 eV, respectively).36 Murad and Hildenbrand40 reported a value of 8.20 ± 

0.16 eV, using their D0(PrO) value of 7.63 ± 0.13 eV. Schofield reported a D0(PrO+) value of 

8.31 eV (the origin of which is not provided).4 Using the BDE (7.6 ± 0.1 eV) and IE (4.9 ± 0.2 

eV) for PrO recommended by Cockett et al.,33 Schwarz and co-workers41 reported D0(PrO+) = 

8.20 ± 0.30 eV. Given the information reviewed above, we suggest a conservative PrO+ BDE of 

8.27 ± 0.20 eV, as determined using D0(PrO) = 7.70 ± 0.17 eV,38 IE(PrO) = 4.90 ± 0.1 eV,29 and 

IE(Pr) = 5.4702 eV.12, 13 If D0(PrO) from Konigs et al.6 is used instead, D0(PrO+) = 8.31 ± 0.13 

eV is obtained.

No experimental information regarding PrO2 is available except for a rough ionization 

energy of 9.6 ± 0.5 eV and a heat of reaction at 2000 K for PrO2 → PrO + ½ O2 of 1.74 ± 0.14 

eV from Staley and Norman.31 Kordis and Gingerich42 estimated that D0(PrO2) = 14.66 ± 0.95 

eV (atomization energy), which would correspond to D0(OPr-O) = 6.96 ± 0.97 eV given D0(PrO) 

= 7.70 ± 0.17 eV. Coupling this value with IE(PrO) = 4.9 ± 0.1 eV and IE(PrO2) = 9.6 ± 0.5 eV, 

suggests that D0(OPr+-O) = 2.26 ± 1.10 eV.

EXPERIMENTAL AND THEORETICAL METHODS

GIBMS

The guided ion beam tandem mass spectrometer and experimental procedure used in this 

study have been described in detail elsewhere.14, 15, 43 Briefly, Pr+ ions were created using a 

direct-current discharge flow tube (DC/FT) ion source.44 A dc voltage of -1000 – -1400 V was  

applied to a cathode consisting of Pr foil (Alpha Aesar, Haverhill, MA) mounted to an iron 

holder. A gas mixture of approximately 10% argon and 90% helium was continuously introduced 
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into the source at a pressure of ~ 0.4 Torr. Ar cations produced in the discharge were accelerated 

into the Pr foil and sputtered singly charged Pr+, which were swept into a 1 m long flow tube, 

where they underwent ~105 thermalizing collisions with the He and Ar carrier gasses. PrO+ ions 

were generated by introducing O2 gas to the flow tube ~15 cm downstream from the ion source. 

On the basis of previous characterization of metal ions formed in the DC/FT ion source, the Pr 

ions are assumed to have an effective electronic state distribution characterized by a temperature 

between 300 and 1100 K.45-47 As previously detailed,48 this corresponds to an average electronic 

energy (Eel) for Pr+ of 0.036 ± 0.029 eV and was taken into account when determining 0 K 

threshold energies from modeling the data, as described below.

Reactant ions were skimmed, focused, and mass selected using a magnetic momentum 

analyzer, where 141Pr (the only stable isotope) was selected. The precursor ions were then 

decelerated to a desired kinetic energy prior to entering a radio frequency (rf) octopole ion 

beam guide.14, 49, 50 Part of the octopole is surrounded by a reaction cell in which neutral 

reactant gases (O2, CO2, CO, or Xe) were introduced at pressures ranging from 0.1 to 0.3 

mTorr. This pressure range is sufficiently low to ensure that single collisions predominantly 

occurred between the precursor ions and neutral gases. This was confirmed by verifying that 

the cross sections did not depend on pressure. Precursor and product ions drifted to the end of 

the octopole where they were mass analyzed using a quadrupole mass filter, and their 

intensities were then measured using a Daly detector.51 As previously described,49 product ion 

intensities were converted to reaction cross sections after correction for signal noise and any 

background reactions that did not occur in the reaction cell. Uncertainties in the absolute cross 

sections are estimated as ±20%.49 Laboratory ion energies (lab) were converted to the center-

of-mass (CM) frame using the equation ECM = Elab × m / (m + M), where m is the mass of the 

neutral reactant and M is the mass of the reactant ion. Retarding measurements were used to 

determine the kinetic energy distribution,49 which had a typical full-width at half-maximum 

(fwhm) of 0.4 – 0.6 eV (lab), and the zero of the absolute energy, which had an uncertainty of 

± 0.1 eV (lab).
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Data Analysis 

The kinetic energy dependent cross sections of endothermic reactions were modeled 

using eqn (3).

σ(E) = σ0 ∑ gi (E + Ei + Eel – E0)n/E (3)

Here, E is the relative kinetic energy of the reactants, σ0 is an empirical scaling factor, n is an 

adjustable parameter (which describes the energy deposition efficiency in collision-induced 

dissociation52), Ei is the internal energy of the reactants’ vibrational and rotational states having 

populations gi (∑gi = 1), Eel is the average electronic energy of Pr+ (defined above), and E0 is the 

0 K threshold energy. Prior to comparison to the experimental cross sections, eqn (3) was 

convolved over the kinetic energy distribution of the reactants. Optimized values of the 

parameters σ0, n, and E0 were obtained using a nonlinear least-squares method to best reproduce 

the experimental cross sections. Uncertainties in E0 were calculated from the threshold values for 

at least four independent data sets over a range of n values combined with the absolute 

uncertainties in the kinetic energy scale and internal energies of the reactant ions. For exchange 

reactions, Pr+ + RL → PrR+ + L, the experimentally measured threshold energies were used to 

determine BDEs, D0(Pr+ -R), using eqn (4).

D0(Pr+ -R) = D0(R-L) – E0  (4)

This equation relies on the assumption that there are no barriers in excess of the endothermicity 

of the reaction, which is often the case for ion-neutral interactions.53 D0(R-L) values for the 

neutral reactants were taken from data in the NIST webBook.54 For collision-induced 

dissociation (CID) experiments at collision energies near threshold, the mechanism of reaction is 

expected to be transfer of collisional energy into vibrational excitation. Thus, as shown in many 

previous studies from our laboratory including those for diatomic metal oxide cations,7, 8, 10, 14, 16, 

23, 55-57 the measured E0 values correspond directly to the desired BDE, here D0(Pr+-O). This 

conclusion is further demonstrated by the good agreement obtained between CID thresholds and 

BDEs obtained from exchange reactions, as detailed below.
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In the exchange reactions, the cross section for the PrR+ products peak at an energy near 

D0(R-L) because this is the thermodynamic onset for dissociation of the product to Pr+ and R. 

Dissociation at higher energies was accounted for using a statistical model outlined elsewhere58 

that depends on two parameters: p, similar to n but holding only integral values, and ED, which 

designates the energy onset for dissociation, generally D0(R-L).

Quantum chemical calculations

Theoretical calculations were performed using the Gaussian 16 suite of programs.59 

Ground and low-energy states and BDEs of PrO+, PrC+, PrO2
+, and PrCO+ were calculated using 

B3LYP,60, 61 PBE0,62, 63 and coupled-cluster with single, double, and perturbative triple 

excitations, CCSD(T),64-67 levels of theory. These calculations utilized the 6-311+G(3df) Pople 

basis set for O and C and the atomic natural orbital68 (ANO) (14s13p10d8f6g)/ [6s6p5p4f3g] and 

the segmented69 Stuttgart Dresden (Seg. SDD) (14s13p10d8f6g)/ [10s8p5d4f3g] basis sets for Pr. 

Both basis sets for Pr use the Stuttgart Dresden relativistic effective small core (28 electron) 

potential.70 Additionally, BDEs for the PrO+, PrC+, PrO2
+, and PrCO+ were calculated using the 

2nd-order Douglas-Kroll-Hess Hamiltonian (DKH2)71, 72 with the all electron cc-pVXZ-DK3 

basis sets for Pr,73 and the aug-cc-pVXZ-DK basis sets for O and C, where X = D, T and Q. 

CCSD(T) calculations using the ANO and Seg. SDD basis set for Pr included all explicit 

electrons in the correlation calculations (with the “full” keyword), whereas those using the all-

electron basis sets include only the outer electrons of Pr in 4f, 5s, 5p, 5d and 6s orbitals (with the 

“window = 24” keyword). Extrapolation to the complete basis set (CBS) limit using single point 

energies calculated with cc-pVXZ-DK3 (X = D, T and Q) and the formula E[CBS] = 1.676755 

E[Q] - 0.711622 E[T] + 0.0348867 E[D]74 was used to obtain additional theoretical BDEs for 

PrO+ PrC+, PrO2
+, and PrCO+. To determine the energies at the CCSD(T) level, single point 

calculations were conducted using geometries and vibrational frequencies optimized at the PBE0 

level. All energies were zero-point energy corrected using frequencies scaled by 0.989.75 The 

rotational constant (0.391 cm-1) and the vibrational frequency (932 cm-1) for PrO+ used in 
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modeling of the experimental cross sections were obtained at the PBE0 level of theory and ANO 

basis set for Pr.

EXPERIMENTAL RESULTS

Pr+ Reaction with O2 

Product ion cross sections for the reaction of Pr+ and O2 as a function of CM energy in 

the range 0.1 to 20 eV are shown in Fig. 2. Two products were formed in this reaction according 

to reactions (5) and (6).

Pr+ + O2 → PrO+ + O  (5)

PrO+ + O2 → PrO2
+ + O  (6)

PrO+ is formed with a significant cross section (~100 Å2) at the lowest collision energy (0.1 eV) 

and its cross section decreases with increasing collision energy. This behavior indicates that the 

PrO+ product is formed through an exothermic and barrierless reaction. The black line in Fig. 2 

corresponds to the theoretical collision limit expected from the Langevin-Gioumousis-Stevenson 

(LGS)76 model that assumes an ion-induced dipole interaction. At low collision energies (<2 eV), 

the experimental PrO+ cross section has an energy dependence of E-0.54 ± 0.05, comparable to that 

of the LGS cross section, but with a larger magnitude by 74 ± 35%. These experimental cross 

sections can be converted to a rate constant (k) as described previously.49 The average 

experimental rate constant (k5) for reaction (5) obtained for collision energies below 2 eV is (9.8 

± 2.0) × 10-10 cm3/s, higher than the LGS rate constant (kLGS) of 5.7 × 10-10 cm3/s. The resulting 

reaction efficiency is 174 ± 35% where the uncertainty reflects the 20% absolute uncertainty in 

the measured cross sections. This result is sufficiently unusual that we verified it could be 

reproduced upon several separate occasions, that it is not the result of a pressure dependent 

phenomenon, and that cross sections for the well-characterized Ar+ + D2 → ArD+ + D reaction49 

and the Sm+ + O2 → SmO+ + O reaction7 were reproduced. Similar deviations between 

experimental MO+ cross section and LGS at low energies have been previously observed in the 

reactions of M+ = Zr+, Nb+, and Th+ with O2.22, 28 A possible explanation for this observed 
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phenomenon has been previously explored in detail.22 Briefly, these reactions may couple with 

the M2+ + O2
‒ asymptote, resulting in a Coulombic interaction that is more attractive than the ion-

induced dipole interaction incorporated into the LGS model. 

The present results are also higher than the rate constant of (4.3 ± 1.0) × 10-10 cm3/s 

(reaction efficiency = 75 ± 23%) measured for Pr+ reacting with O2 at thermal (296 ± 2 K) 

energies and 0.35 Torr of He using a inductively coupled plasma/selected-ion flow tube 

(ICP/SIFT) apparatus.77 This discrepancy could result from the differing ion sources (DC 

discharge vs. ICP) and collision conditions (single collision vs. high pressure bath gas), although 

we note that good agreement is obtained for the reaction of Pr+ with CO2, discussed below. 

Similar discrepancies have been noted for other lanthanide cations reacting with O2, where 

GIBMS studies obtained reaction efficiencies at thermal energies of 93 ± 19% for Nd+,8 100 ± 

20% for Sm+ and Gd+,7, 10 but 57 ± 17%, 48 ± 14%, and 86 ± 26%, respectively, for the 

ICP/SIFT measurements.77 In the case of Sm+, additional SIFT studies where the reactant ions 

were generated by electrospray ionization were also conducted and obtained a reaction efficiency 

of 49 ± 15%.7 Interestingly, subsequent unpublished studies have revealed that this SIFT study 

included SmH+ in the reactants, which lowered the observed reaction efficiency. These studies of 

the pure Sm+ + O2 reaction obtain a reaction efficiency within experimental uncertainty of the 

GIBMS result. Whether such problems might also plague the ICP/SIFT studies is completely 

speculative. 

At collision energies above 2 eV, the PrO+ cross section begins to decline more rapidly 

than the LGS model. This behavior has previously preen observed in other similar systems and is 

the result of angular momentum constraints.8, 20, 78, 79 In reaction (5), the reduced mass of the 

products is about half that of the reactants, making it harder to conserve orbital angular 

momentum during the collision. Thus, the centrifugal barrier in the product channel increases 

more rapidly with energy than that in the reactant channel, until eventually the former exceeds 

the latter, decreasing the reaction efficiency. As detailed previously,79 a simple model can predict 

at what energy this deviation between the experimental and LGS cross section can occur. Using 
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an exothermicity for reaction (5) of 2.50 ± 0.09 eV (determined from D0(Pr+-O) = 7.62 ± 0.09 eV 

determined below and D0(O-O) = 5.117 eV), the model predicts that the product channel barrier 

should begin to dominate the formation of PrO+ near 1.0 eV, consistent with the decline in the 

PrO+ cross section shown in Fig 1. At still higher energies, the PrO+ cross section levels from 

about 5 – 8 eV, before declining even more rapidly. The latter behavior indicates the PrO+ 

product has sufficient energy to dissociate, a process that can begin at D0(O2) = 5.117 eV. The 

observed behavior is more closely correlated with the spectator stripping (SS) model,79 where the 

Pr+ is assumed to interact with only one of the oxygen atoms with the other oxygen serving as a 

“spectator”. The SS model predicts that dissociation of the PrO+ product should begin at 9.3 eV. 

In the reaction of Pr+ with O2, PrO2
+ was also formed but with a relatively small cross 

sections that reaches a maximum of only 5.0 × 10-18 cm2, Fig. 2. Formation of PrO2
+ has an 

apparent threshold of ~1 eV and peaks near 3.0 eV. Additionally, the PrO2
+ cross section is 

linearly dependent on the O2 pressure, indicating that this product is formed through a sequential 

reaction of the abundant PrO+ product ion with a second neutral reactant, process (6). This 

conclusion is confirmed by the direct examination of reaction (6), as described below.

Pr+ Reaction with CO2 

The kinetic energy dependent cross sections for the reaction of Pr+ and CO2 are shown in 

Fig. 3. Pr+ reacts with CO2 to form PrO+, PrO2
+, and PrCO+ according to reactions (7) - (9).

Pr+ + CO2 → PrO+ + CO  (7)

→ PrCO+ + O  (8)

→ PrO2
+ + C  (9)

None of the reactions exhibit any dependence on CO2 pressure, which confirms that PrO2
+ is not 

generated by a sequential reaction of the PrO+ product, unlike reaction (6). Similar to reaction 

(5), PrO+ is formed with a significant cross section at the lowest collision energy (45 Å2 at 0.054 

eV) and its cross section decreases with increasing collision energy. Once again, this indicates 

that PrO+ is formed exothermically through a barrierless reaction. The average experimental rate 
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constant (k7) for reaction (7) determined for collision energies below 0.3 eV is (1.6 ± 0.3) × 10-10 

cm3/s, smaller than the LGS rate constant (kLGS) of 6.4 × 10-10 cm3/s, for a reaction efficiency of 

25 ± 5 %. These values are consistent with the experimental rate constant of (1.6 ± 0.5) × 10-10 

cm3/s (efficiency = 25 ± 8 %) observed at thermal (296 ± 2 K) energies and 0.35 Torr of He in 

ICP/SIFT experiments.80

The PrO+ cross section declines with increasing kinetic energy as E-0.6 ± 0.2, comparable 

with the E-1/2 dependence of the LGS collision model. It then levels from 0.5 to 2 eV and 

increases at higher energies, reaching a reaction efficiency near 85% by ~5.5 eV. These changes 

in the cross section suggest that a new channel for PrO+ formation begins near 1 and/or 2 eV. As 

previously discussed,8, 81-84 one explanation for such behavior involves conservation of electronic 

spin in reaction (7). Because both CO2 and CO have singlet spin states, conservation of spin 

dictates that the PrO+ product and Pr+ reactant of reaction (7) must have the same spin state. In 

contrast, Pr+ has a 5I ground state, whereas the ground state of PrO+ is 3H according to the 

theoretical calculations below, such that formation of ground state PrO+ does not conserve spin. 

This is one potential explanation for the inefficiency of reaction (7) at low energies.85 The 

efficient but endothermic channel observed starting above ~1 or 2 eV may then correlate to a 

spin conserving reaction, a hypothesis that is explored computationally below.

In the reaction of Pr+ with CO2, the PrCO+ product ion is additionally formed according 

reaction (8). The data in Fig. 3 indicate that reaction (8) is endothermic, with an apparent onset 

energy near 4 eV. The PrCO+ cross section peaks at ~6 eV and decreases sharply at higher 

energies because once the system exceeds D0(OC-O) = 5.4532 ± 0.0003 eV,86 the product ion 

has enough energy to dissociate into Pr+ and CO. 

PrO2
+ is formed according to reaction (9). Given D0(OPr+-O) = 2.47 ± 0.11 and D0(Pr+-

O) = 7.62 ± 0.09 eV, as determined below, the threshold is expected to be 6.47 ± 0.14 eV with 

the PrO2
+ having sufficient energy to dissociate at energies exceeding 8.94 ± 0.09 eV. These 

values are in relatively good agreement with the experimental data shown in Fig. 2. 
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Pr+ Reaction with CO

Pr+ reacts with CO to form PrO+ and PrC+ according to reactions (10) and (11).

Pr+ + CO → PrO+ + C (10)

   → PrC+ + O (11)

Product ion cross sections as a function of kinetic energy for these reactions are shown in Fig. 4. 

The PrO+ cross section shown in Fig. 4 has been corrected for an exothermic tail resulting from 

an O2 impurity of ~0.07%. Both reactions (10) and (11) are endothermic with apparent threshold 

energies of ~3 and ~8 eV, respectively. Both cross sections increase with collision energy, peak 

near D0(C-O) = 11.111 ± 0.001 eV,87 and then decrease at higher energies because both product 

ions dissociate. The PrO+ peaks at somewhat lower energies than D0(C-O), in large part because 

of competition with the PrC+ channel.  

CID of PrO+ with Xe

CID of PrO+ was performed with Xe to measure the BDE of PrO+ directly according to 

reaction (12). 

PrO+ + Xe → Pr+ + O + Xe (12)

Previous studies have indicated that more accurate BDEs can be obtained from CID reactions 

using Xe as the neutral collision gas.10, 16, 23, 28 Here, Pr+ is the only product ion observed and has 

a cross section with an apparent threshold of ~8 eV, as shown in Fig. 5.

PrO+ Reaction with CO

Additional insight into the Pr+ reaction with CO2 to form PrO+ and CO can be obtained 

by investigating the reverse of reaction (7). Because reaction (7) is clearly exothermic, the 

reverse reaction (13) must be endothermic. 

PrO+ + CO → Pr+ + CO2  (13)

Fig. 6 shows the product ion cross sections as a function of kinetic energy for the reaction 

between PrO+ and CO. Two product ions, Pr+ and PrO2
+, are observed. The cross section for the 

formation of Pr+ exhibits two features. The cross section rises slowly starting with an apparent 
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threshold energy near 3 eV, a process that must correspond to reaction (13). Starting near 8 eV, 

the cross section increases more rapidly, behavior that parallels that found for reaction (12), as 

shown in Fig. 5. This behavior is consistent with the formation of Pr+ through the CID reaction 

(14).

PrO+ + CO → Pr+ + O + CO  (14)

As shown in Fig. 6, PrO2
+ is formed with an apparent onset near 8 eV, and its cross 

section increases with collision energy until it peaks at ~12 eV, somewhat above D0(CO). This 

product ion is formed according to the exchange reaction (15).

PrO+ + CO → PrO2
+ + C (15)

The shift in the peak to higher energy has been observed in previous studies of analogous 

reactions involving other metal oxide cations reacting with CO.8, 10, 88 Such a shift could be the 

result of strong competition with the CID reaction or can be attributed to an impulsive reaction 

mechanism. The latter idea can be assessed by considering the spectator stripping (SS) model, 

where the PrO+ is assumed to interact only with the oxygen atom of carbon monoxide while the 

carbon serves as a “spectator”. As previously discussed,89, 90 for endothermic processes, the SS 

model is modified such that a smaller fraction of available energy goes into translational energy. 

Using the value for D0(OPr+-O) of 2.47 eV derived below, this modified endothermic stripping 

model predicts that the PrO2
+ cross section should peak near 12.6 ± 0.2 eV, in qualitative 

agreement with experimental observation. 

PrO+ Reaction with O2 

The kinetic energy dependent cross sections for the reaction of PrO+ with O2 are shown 

in Fig. 7. Two product ions, PrO2
+ and Pr+, are formed according to reactions (16) and (17).

PrO+ + O2 → PrO2
+ + O (16)

PrO+ + O2 → Pr+ + O2 + O (17)

The PrO2
+ product is formed via the exchange reaction (16) with an apparent threshold energy of 

~3 eV. The PrO2
+ cross section increases and peaks near 6 eV where it then begins to decline at 
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higher energies. The second product, Pr+, is formed through the CID reaction (17). This 

assignment is supported by the apparent threshold energy of ~ 8 eV, which is similar to the 

threshold energy for the Pr+ product ion in the CID reaction of PrO+ with Xe as the neutral 

collision gas, Fig. 5. Conceivably, Pr+ could also be formed along with O3 as the neutral, but the 

O2-O bond is quite weak (1.062 eV)87 such that this channel must have a small cross section. 

BDEs from exchange reactions 

The Pr+ exchange reactions with O2, reaction (5), and CO2, reaction (7), form PrO+ 

exothermically through barrierless processes. Thus, D0(Pr+-O) must exceed the BDEs of O2 and 

OC-O, 5.117 and 5.453 eV, respectively.86 In contrast, PrO+ was formed endothermically when 

reacted with CO, reaction (10), indicating that D0(Pr+-O) must be less than D0(C-O) = 11.111 

eV.

The PrO+ product ion cross section resulting from reaction (10) was modeled using eqn 

(3), as shown in Fig. 4. This yields a threshold energy of 3.60 ± 0.12 eV. Combining the E0 value 

with D0(C-O) using eqn (4) gives D0(Pr+-O) = 7.51 ± 0.12 eV. Optimized fitting parameters used 

in eqn (3) for all modeled endothermic reactions are summarized in Table 1. The reverse of 

reaction (7) was observed to form Pr+ endothermically according to reaction (13). Modeling the 

low-energy feature in the Pr+ cross section of Fig. 6 yields a 0 K threshold energy of 2.21 ± 0.22 

eV, which can be combined with D0(OC-O) to give D0(Pr+-O) = 7.66 ± 0.22 eV, in good 

agreement with the result from reaction (10).

In the reaction between Pr+ and CO, an additional product is formed endothermically, 

PrC+ in reaction (11). Modeling the product ion cross section using eqn (3), as shown in Fig. 4, 

results in a threshold energy of 8.14 ± 0.10 eV, which corresponds to D0(Pr+-C) = 2.97 ± 0.10 

eV. Also, PrCO+ is formed endothermically in the exchange reaction between Pr+ and CO2, 

reaction (8). Modeling the data, shown in Fig. 3, results in a threshold energy of 5.14 ± 0.07 eV, 

which combined with D0(OC-O) gives D0(Pr+-CO) = 0.31 ± 0.07 eV.
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The reactions of PrO+ with CO, reaction (15), and O2, reaction (16), form PrO2
+ products 

endothermically. Using eqn (3), the PrO2
+ cross section in reaction (15) was modeled to obtain a 

threshold energy of 8.59 ± 0.13 eV, which using eqn (4) gives D0(OPr+-O) = 2.52 ± 0.13 eV. 

Similar modeling of the PrO2
+ cross section in reaction (16) yields a threshold energy of 2.78 ± 

0.22 eV. Using eqn (4) and D0(O2) = 5.117 eV87 gives D0(OPr+-O) = 2.34 ± 0.22 eV, within 

experimental uncertainty of the results from reaction (15). The weighted average of these two 

results is taken as our best determination of the OPr+-O bond energy, 2.47 ± 0.11 eV (where the 

uncertainty is one standard deviation of the mean). Next, we return to reaction (6), the sequential 

formation of PrO2
+. Here the cross section for sequential reaction (6) does not match that from 

reaction (16), a result of the PrO+ reactant for reaction (6) being formed exothermically in 

reaction (5). Using the final thermochemistry for PrO+ determined below, reaction (6) is 

exothermic by 2.50 ± 0.08 eV. Assuming that all this exothermicity is available to the PrO+ 

product, the threshold in reaction (6) shifts from 2.78 ± 0.22 eV to 0.28 ± 0.23 eV, and its 

dissociation onset shifts from 5.12 eV to 2.62 eV. This predicted threshold energy is slightly 

lower than the apparent experimental threshold, while the predicted dissociation onset matches 

well with the peak in the PrO2
+ cross section in Fig. 2. 

Lastly, the endothermic feature in the PrO+ cross section in reaction (7) can be modeled 

using eqn (3) after subtracting a model of the exothermic feature. The remaining endothermic 

cross section exhibited two features corresponding to rough onsets of 1 and 2 eV. To accurately 

reproduce this behavior, two models of eqn (3) were required. The first utilized a threshold 

energy of 0.69 ± 0.12 eV with the second beginning at 2.35 ± 0.2 eV. Although such an 

interpretation is fairly speculative, the potential meanings of these values are discussed in more 

detail below. 

BDEs from CID 

Additional D0(Pr+-O) values can be obtained from the CID reactions with Xe, O2, and CO 

as the neutral collision gas. In these experiments, the PrO+ dissociates when its internal energy is 
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greater than its BDE. Therefore, the E0 values correspond directly to the 0 K BDE for PrO+. The 

CID experiments with Xe and O2 yield D0(Pr+-O) of 7.58 ± 0.20 eV and 7.73 ± 0.13 eV, 

respectively, Table 1. For the CID reaction of PrO+ with CO, if the lower energy feature is 

ignored, the higher energy feature can be modeled directly to obtain D0(Pr+-O) = 7.72 ± 0.23 eV, 

which agrees well with the Xe and O2 CID thresholds. This suggests that the Pr+ cross section 

resulting from reaction (13) exhibits a sharp decline at energies above the onset for the CID 

process, as shown in Fig. 6. This behavior is similar to that observed for other lanthanide cations 

in analogous reactions.8, 10 The rationale for such behavior is that the CID reaction (14) is 

entropically much more favorable than reaction (13), because of the much higher phase space 

associated with the additional three translational degrees of freedom available to the products of 

the CID process. Thus, when CID becomes available, it dominates the reactions observed. 

The slightly higher threshold energies obtained in the CID reactions with CO and O2 

could be a result of less efficient collision energy transfer because, unlike Xe, CO and O2 can 

carry away energy in vibrational and rotational modes. Further, this delay in the energy threshold 

could be the effect of the strength of the interaction of the PrO+ ion with the neutral, because Xe 

( = 4.02 Å3) has a polarizability about a factor of 2 larger than that for O2 ( = 1.57 Å3) and CO 

( = 1.94 Å3).91 This leads to a longer-lived collision allowing more complete energy transfer in 

the threshold region for the CID experiments with Xe.

BDEs from the CID reactions, 7.72 ± 0.23, 7.73 ± 0.13, and 7.58 ± 0.20 eV are consistent 

with each other and with values from the two exchange reactions (10) and (13), 7.51 ± 0.12 and 

7.66 ± 0.22 eV, respectively, Table 1. A weighted average of all five values provides D0(Pr+-O) 

= 7.62 ± 0.09 eV; however, for the reasons discussed in the previous paragraph, if the slightly 

higher BDEs obtained from the CID reactions of PrO+ with O2 and CO are omitted from the 

weighted average, D0(Pr+-O) = 7.55 ± 0.09 eV is obtained. In both cases, the uncertainty is one 

standard deviation of the mean. We take the more conservative value of 7.62 ± 0.09 eV that 

includes all five measurements as our best determination.
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THEORETICAL RESULTS

Theoretical calculations for Pr+

Energies for the ground and low-lying excited states of Pr+ were calculated using B3LYP, 

PBE0, and CCSD(T,full) levels of theory using the ANO and Seg. SDD basis sets to determine 

which basis sets and levels of theory provide reliable thermochemistry. Comparison of these 

energies with corresponding experimental energies (averaged over spin-orbit levels weighted by 

the 2J + 1 degeneracy for each level) is shown in Fig. 8 and summarized in Table S1 (ESI†). The 

experimental ground state for Pr+ (5I, 4f36s1) is accurately identified at the B3LYP and PBE0 

levels of theory with the 3I (4f36s1) state lying only 0.05 – 0.09 eV higher, compared to the 

experimental value of 0.16 eV (averaged over spin-orbit levels). Theoretical calculations for the 

5L and 5K excited states, having 4f3(5I)5d1 electronic configurations, give identical energies 

because the only difference between these states is the orbital angular momentum of the 5d 

electron orbital, as previously discussed.8 Theory overestimates the 5L and 5K excited state 

energies by 0.13 – 0.31 eV. At the CCSD(T,full) levels of theory, the 5I lies 0.002 – 0.003 eV 

above the 3I state and the 5L and 5K excited state energies overestimate experiment by 0.32 eV.

Overall, the PBE levels of theory using both the ANO and Seg. SDD basis set provide the 

most reliable energy levels compared to the experimental values, suggesting it will provide 

reliable BDEs for PrO+, PrC+, PrO2
+, and PrCO+. A more detailed discussion of these theoretical 

calculations is available in the ESI†. 

Ground states for PrO+, PrC+, PrO2
+, PrCO+ 

Theoretical calculations were performed to determine the ground and low-lying excited 

states of PrO+, PrC+, PrO2
+, and PrCO+, as discussed in and summarized by Tables S2 – S5 

(ESI†), respectively. For PrO+, the ground state was determined to be 3H ([11] 42) at all 

levels of theory and basis sets, after spin-orbit (SO) corrections. In the 3H state, valence electrons 

from 5d orbitals on Pr (2 electrons) and 2p orbitals on O (4 electrons) form  and  bonds, 

resulting in a triple bond (Fig. 9). The remaining two valence electrons are non-bonding and 
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located in the 4f orbitals of Pr, designated using square brackets. Various occupations of the 4f 

orbitals by the two nonbonding electrons can lead to many low-lying excited electronic states in 

all these molecules. Low-lying triplet states having electronic configurations 3   3 

 , and    lie 0.03 – 0.29, 0.31 – 0.73, and 0.48 – 0.78 eV above the 3H 

ground state, respectively. PrO+ quintet states require the promotion of a bonding electron to a 4f 

orbital and lie 2 – 4 eV above the ground state. These quintet states have bond lengths of 1.988 – 

2.063 Å, more extended than the triplet state bond lengths of 1.733 – 1.759 Å. This increase in 

bond length correlates to the lower bond order in the quintet states. 

For PrC+, most calculations predicted the ground state to be 5I ([11] 13). At the 

B3LYP/Seg.SDD level of theory, the ground state was determined to be 5H ([11] 13) with 

the 5I state lying 0.04 eV higher, prior to the SO corrections detailed in the ESI†. After SO 

corrections, the 5I state was determined to be the ground state with the 5H only 0.003 eV higher. 

At the PBE0 and CCSD(T,full) levels of theory, the 5H state lies 0.07 – 0.29 eV above 5I state 

after SO corrections. The orbitals of the 5I state are shown in Fig. 9 and are similar to those of 

PrO+ except the bonding orbitals are no longer filled, decreasing the bond order to two. Other 

low-lying quintet states were located including 5 ([11] 13) and 5 ([2] 13), which lie 

0.37 – 0.57 and 0.43 – 0.62 eV above the ground state, respectively. Additionally, two septet 

states, 7H ([111] 12) and 7 ([12] 12), were also explored and lie 0.04 – 1.09 eV and 

0.73 – 1.39 eV above the ground state, respectively.

For PrO2
+, the molecule is predicted to be linear with a 3 u

g
] g

u
g

) ground 

state. With z defined as the symmetry axis, the Pr+ 5dz orbital interacts with the two O 2pz 

orbitals to form the g bonding molecular orbital (MO) shown in Fig. 9. The bonding g orbitals 

result from the combination of the in-phase Pr+ 5dxz and 5dyz orbitals on Pr+ with the out-of-

phase 2px and 2py orbitals on the two O atoms. Additionally, the combination of the in-phase 2px 

and 2py orbitals with a small amount of 4f character on Pr+ gives some bonding character to the 

ordinarily non-bonding u orbitals. Lastly, the remaining two valence electrons are non-bonding 

and located in the 4f orbitals of Pr+. The energies, electronic configurations, bond lengths, and 
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vibrational frequencies for low-lying excited states of the linear inserted OPrO+ species are 

summarized in Table S3 (ESI†). 

Several nonlinear OPrO+ spices were also explored, with the lowest of these being the 

3B1 at the PBE0 and CCSD(T) levels of theory. This state has an OPrO angle of ~ 43°, Pr-O 

bond lengths of ~1.98 Å, and lies 0.67 – 0.89 eV above the linear 3 ground state. Here, the g 

orbital of the linear species becomes the a1 MO, the g orbitals become the 1b1 and 1a2 MOs, and 

the u orbitals become the 2a1 and 1b2 MOs. Two other nonlinear electronic states, both 3A1, 

with bond angles of ~43° and ~109° were also located and lie 0.65 – 1.04 eV and 0.65 – 2.10 eV 

above the linear ground state, respectively. 

For PrCO+, the molecule is linear with the ground state predicted to be 5H 

(  . The valence electrons of C and O form similar MOs ( to those of carbon 

monoxide, Fig. 9; however, the pair of electrons in the σ orbital of CO donates into the empty 

5d orbital of Pr+ to form a slightly bonding interaction. This interaction in PrCO+ leads to a C-O 

bond length of 1.116 (B3LYP) and 1.122 Å (PBE0) (Table S5) compared to free CO, 1.124 and 

1.123 Å, respectively, which are comparable to the experimental bond length of 1.128 Å.92 

Additionally, the σ nonbonding MO of PrCO+ corresponds largely to a nonbonding Pr+ 6s atomic 

orbital with some 5d character. Thus, Pr+ retains its 5I (4f36s1) ground state configuration. A 5L 

(   low-lying excited state was also found, in which the 6s electron has been 

promoted to a Pr+ 5d atomic orbital. The 5L state lies 0.48 – 0.75 eV higher in energy than the 5H 

state and correlates with the 5L (4f35d1) state of Pr+ (promotion energy of 0.565 eV). Other low-

lying excited states having 4f3 configurations with both triplet and quintet multiplicities were 

also explored and are detailed in the ESI†.

Theoretical BDEs 

Theoretical BDES for PrO+, PrC+, and PrCO+ were calculated by taking the difference 

between the ground state PrX+ and the sum of Pr+ and X (X = O, C, and CO). For PrO2
+, the 

BDE was calculated by taking the difference between the theoretically calculated ground state 
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PrO2
+ and the sum of PrO+ and O. Theoretical energies for a given state correspond to an average 

energy over all SO levels for that state, whereas the experimental values measure the difference 

between the ground state SO level of the reactant and products. Therefore, an empirical SO 

energy correction is required to obtained more accurate comparisons between the theoretical and 

experimental BDES,24, 27, 93-96 as described in detail in the ESI†. The first-order SO energy 

correction to the calculated PrO+ (3H) BDE is obtained by applying a SO energy correction of 

0.201 eV for PrO+, 0.280 eV for Pr+, and 0.010 eV for O, resulting in a decrease in the 

theoretical BDEs of 0.088 eV. For PrC+ (5I), PrO2
+ (3), and PrCO+ (5H), the theoretical BDEs 

include SO corrections of 0.241, 0.080, and 0.291 eV, respectively. 

Experimental and theoretical SO corrected BDEs for PrO+, PrC+, PrO2
+, and PrCO+ are 

summarized in Table 2, and a comparison between the various values is shown in Fig. 10. When 

using the Pr basis sets containing an ECP (ANO and Seg. SDD), the PrO+ BDE are 

underestimated at the B3LYP and PBE0 levels of theory, whereas at the CCSD(T, full) level of 

theory, the BDE is in reasonable agreement with experiment. For PrC+, PrO2
+, and PrCO+, good 

agreement between the experimental and theoretical BDEs is obtained, although B3LYP 

systematically underestimates all three values with PBE0 performing more accurately. CCSD(T) 

performs well except for PrC+, where it overestimates the BDE.
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Because the ANO and Seg.SDD basis sets only extend up to g functions on the metal 

cation, insufficient polarization of the metal 4f orbitals resulting from repulsive interactions 

between them and the bonding MOs could restrict the accuracy of the calculated BDEs. Thus, 

additional theoretical calculations were conducted for ground state PrO+, PrC+, PrO2
+, and PrCO+ 

using all-electron cc-pVXZ-DK3 basis sets for Pr (where X = D, T, and Q), and a complete basis 

set (CBS) extrapolation was performed, as detailed in the ESI†. For the B3LYP and PBE0 

approaches, these basis sets generally perform similarly to those using the ECP, although the 

B3LYP results are worse at the VQZ and consequently, CBS levels. For the CCSD(T) level, 

results for PrO+ and PrO2
+ vary dramatically with basis set size, although the CBS limit performs 

well. Overall, the lowest mean absolute deviation (MAD) from experiment is obtained for the 

PBE0/ANO level with CCSD(T)/ANO nearly as low and PBE0/Seg.SDD, B3LYP/ANO, 

CCSD(T)/Seg.SDD, CCSD(T)/CBS, and B3LYP/Seg.SDD not far behind.

DISCUSSION

PrO+, PrC+, PrO2
+, and PrCO+ BDEs

The measured BDE for PrO+ is 7.62 ± 0.09 eV. This value is considerably below those in 

the literature: 8.23 ± 0.10 eV,29 8.20 ± 0.16 eV,40 8.31 eV,4 8.20 ± 0.30 eV,41 or the best value 

determined above of 8.27 ± 0.20 eV. In all cases, this can be attributed to the use of IE(PrO) = 

4.9 ± 0.10 eV from Ackermann, Rauh, and Thorn.29 If we combine our value for D0(PrO+) with 

that for D0(PrO) = 7.70 ± 0.17 eV38 and IE(Pr) = 5.4702 eV, we obtain IE(PrO) = 5.55 ± 0.19 

eV. This higher value is consistent with a discrepancy associated with ionization of molecules at 

high temperatures. The magnitude of the discrepancy is similar to that found for other metal 

oxides as well.7, 10, 23, 28 

The strong bond measured for PrO+ is consistent with the triple bond formed between the 

Pr cation and O, as shown in Fig. 9. Gibson has previously shown that the strength of lanthanide 

oxide cations bond inversely correlates with the promotion energy (Ep) needed to achieve a 5d2 

electronic configuration on the lanthanide metal that can then form the triple bond with the four 

Page 22 of 42Physical Chemistry Chemical Physics



23

2p electrons on O.97 The promotion energy needed to achieve the 4f25d2 configuration in Pr is 

0.726 eV, obtained from the experimentally measured excitation energy to the Pr+ (5L6, 4f25d2) 

state from the (5I4, 4f36s1) ground level.13 As noted in the introduction, kinetic energy dependent 

product ion cross sections for the reactions of the lanthanide cations Nd+, Sm+, and Gd+ with O2 

using GIBMS have previously been studied.7, 8, 10 Nd+ (4f46s1) and Sm+ (4f66s1) are similar to Pr+ 

in that they all have ground states of 4fn6s1. In order to achieve a 4fn-15d2 configuration it 

requires promotion energies of 1.20 and 2.67 eV (although these excited states of Sm+ are not 

well characterized).13 These higher promotion energies correlate reasonably well with the weaker 

bond strengths of NdO+ (7.28 ± 0.10 eV) and SmO+ (5.725 ± 0.07 eV) compared to that of PrO+. 

In contrast, the ground state of Gd+ (4f75d16s1) already has one 5d electron such that it only 

requires the excitation of the 6s orbital to a 5d orbital to effectively interact with the four 2p 

electrons of O. This promotion energy is 0.55 eV,13 which results in a GdO+ BDE of 7.69 ± 0.10 

eV, slighter stronger than that of PrO+. Indeed, the average value of D0(LnO+) + Ep(Ln+) equals 

8.37 ± 0.10 eV, showing a reasonable correlation. 

The BDE for PrC+ measured here is 2.97 ± 0.10 eV. This BDE is significantly weaker 

than that that of PrO+, which is consistent with the bond order of two suggested by the 5I ground 

state theoretically calculated (Fig. 9). However, rather than being two-thirds of the PrO+ BDE, 

the PrC+ BDE is 0.44 times that of PrO+ (after correcting both for the promotion energy). This 

ratio is similar to that found for NdC+/NdO+ and GdC+/GdO+ (both 0.45).8, 10 As the only 

difference between these species is the occupation of the 4f orbitals, the consistency of the 

relative values seems reasonable and the D0(LnC+) + Ep(Ln+) sum is 3.75 ± 0.06 eV. The weaker 

interaction than expected from the bond order in LnC+ can be attributed to the lower 

electronegativity of C compared to O, which leads to bonding MOs that are higher in energy than 

those of LnO+, as shown for example in Fig. 9. Notably, the SmC+/SmO+ ratio is 0.58, with 

D0(SmC+) + Ep(Sm+) = 4.83 ± 0.07 eV,7 but here the electronic configuration of SmC+ has not 

been investigated.
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The measured BDE for PrO2
+ is 2.47 ± 0.11 eV, in good agreement with the estimated 

literature value of 2.26 ± 1.10 eV. Each PrO bond in PrO2
+ is expected to have a bond order of 

1.5, arising from the g
2g

4 configuration of the 3 ground state, as shown in Fig. 9. After 

correcting for the promotion energy of 0.726 eV, the OPr+-O BDE is actually 0.38 ± 0.02 times 

the Pr+-O BDE. This ratio is similar to those obtained for NdO2
+/NdO+, SmO2

+/SmO+, and 

GdO2
+/GdO+: 0.39 ± 0.04, 0.45 ± 0.02, and 0.42 ± 0.01, respectively.7, 8, 10, 78 Here, the weaker 

bonds of OLn+-O can probably be attributed to the fact that both oxygens have to share the same 

three 5d orbitals on the metal when forming the g and g bonds, such that the strength of each 

bond is diluted. Notably, the only difference between the Pr and Nd species is the occupation of 

the 4f orbitals, such that similar results are expected, whereas the GdO2
+ ground state is no 

longer linear.78 (The geometry of SmO2
+ has not been investigated theoretically.)

The BDE measured here for PrCO+ is 0.31 ± 0.07 eV. In the PrCO+ species, the CO binds 

weakly to Pr+ as an adduct, consistent with this low bond energy. The ground state of PrCO+ was 

calculated to be 5H, where the interaction between Pr+ and CO arises from the interaction of  

donation between the CO bonding MO and the 5d orbital of Pr+ (Fig. 9). In this configuration, 

the 6s electron on Pr+ (5I) remains in this atomic orbital, maintaining its ground state electronic 

configuration of 4f36s1. This 6s orbital is largely non-bonding MO, but it does have some 

repulsive interaction with the  MO of CO, weakening the bond between the Pr cation and CO. 

We now consider the endothermic feature in reaction (7), which was determined to have 

an initial threshold energy of 0.69 ± 0.12 eV. Given D0(Pr+-O) = 7.62 ± 0.09 eV and D0(OC-O) = 

5.453 eV, the formation of ground state PrO+ in reaction (7) is exothermic by 2.17 ± 0.09 eV. 

The endothermic feature could correspond to the formation of an excited state of PrO+ lying 0.69 

+ 2.17 = 2.86 ± 0.15 eV above the 3H. This excitation energy is consistent with that calculated 

for the lowest energy quintet state (5I) of PrO+, 2.63 – 3.64 eV above the 3H ground state of PrO+ 

(and in good agreement with the PBE0/ANO value of 2.70 eV), Table S2. The second 

endothermic feature starts at 2.35 ± 0.2 eV, corresponding to an excitation energy of 4.52 ± 0.24 

eV, potentially consistent with PrO+ (5), lying 3.67 – 4.51 eV above the 3H ground state. These 
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states would be formed in reactions where spin is conserved, unlike the formation of the 3H state. 

Similar high-energy features have also been observed in the reactions of both Nd+ and Gd+ with 

CO2, where it was also postulated that spin-conservation lead to the efficiency of the high-energy 

feature.8, 10 Additionally, in the reaction of Sm+ + OCS, SmS+ also exhibits an endothermic high-

energy feature with a threshold that correlates with the calculated excitation energy to the lowest 

state of SmS+ having the same spin state as the ground state Sm+ (8F) reactant.98 Thus, although 

spin need not be conserved in these heavy metal systems, spin conservation appears to play a 

role in the efficiencies of these processes.

Pr Chemi-ionization reaction

The PrO+ BDE measured here (7.62 ± 0.09 eV) can be combined with the well-

established IE of Pr (5.4702 eV12, 13) to determine the exothermicity of the Pr chemi-ionization 

reaction through the thermodynamic cycle 2 shown in Fig. 1. This gives an exothermicity of 2.15 

± 0.09 eV, which is substantially lower than the experimental values of 2.98 ± 0.22,35 2.73 ± 

0.16,40 2.80 ± 0.20,38 2.84 ± 0.13,6 and 2.70 ± 0.14 eV,33 as determined from literature values of 

D0(PrO+). These differences are attributable to the use of IE(PrO) = 4.90 ± 0.10 eV from 

Ackermann et al.29 The results here confirm that Pr is a good candidate for creating localized 

enhanced plasma regions in the ionosphere via reaction (1). 

Despite this strong exothermicity, recent studies of the chemi-ionization reaction (1) with 

Pr find that the reaction proceeds at about half the collision rate.11 The reasons for this 

inefficiency were explored with no satisfactory explanation being determined; however, at the 

time, this reaction was judged to be exothermic by 2.9 ± 0.2 eV, such that the present change in 

thermochemistry suggests a reevaluation. As before, reaction (1) with Pr conserves electronic 

angular momentum, but the strong triply-bound PrO molecule correlates with an excited state of 

Pr having a 6s5d24f2 configuration, rather than the 6s24f3 configuration of the Pr (4I) ground state 

( = 9/2 ground level). Not all possible spin-orbit levels of Pr having the former configuration 

are spectroscopically characterized, but the ones that are known include 6L11/2 (0.83 eV), 6L13/2 
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(0.95 eV), 6I7/2 (0.99 eV), 6I9/2 (1.07 eV), and 6I11/2 (1.15 eV), all of which have excitation 

energies smaller than the 2.15 ± 0.09 eV exothermicity. Thus, excitation to these states during 

the association of Pr and O should be thermodynamically accessible. In addition, when Pr 

couples with ground state O (3P2), formation of the  = 7/2 ground level of PrO conserves 

electronic angular momentum with all of these states except 6L13/2. Notably, the other 6L levels 

( = 21/2, 19/2, 17/2, 15/2) for which the excitation energies are not known, also cannot form 

the ground level of PrO and still conserve angular momentum, although excited levels of PrO 

could be formed instead. It is unknown how these various spin-orbit levels might couple with the 

states that might lead to the ionization and formation of PrO+ + e‒. Thus, as before, no simple 

explanation for the inefficiency of reaction (1) with Pr is yet available. This need not be 

surprising as high-level calculations of the Sm + O chemi-ionization process emphasize the 

importance of spin-orbit coupling in the excited states of SmO with the chemi-ionization product 

asymptote.99

CONCLUSION 

The BDEs for PrO+, PrC+, PrO2
+, and PrCO+ were measured from GIBMS experiments to 

be 7.62 ± 0.09, 2.97 ± 0.10. 2.47 ± 0.11, and 0.31 ± 0.07 eV, respectively. The Pr+-O BDE is 

underestimated at the B3LYP and PBE0 level of theory but better agreement is obtained using 

the CCSD(T) approach. Better agreement is obtained for the BDEs of Pr+-C, OPr+-O, and Pr+-

CO. By combining the measured PrO+ BDE measured here with the well-established ionization 

energy for Pr, the exothermicity of the Pr chemi-ionization reaction is evaluated to be 2.15 ± 

0.09 eV. This makes Pr a potential candidate to be used in the atmospheric chemical release 

experiments to create localized enhanced plasmas.

ELECTRONIC SUPPLEMENTARY INFORMATION (ESI†)
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A description of the empirical spin-orbit energy correction used for the calculated bond energies. 

Tables providing detailed summaries of the calculated energies for Pr+, PrO+, PrC+, PrO2
+, and 

PrCO+ and the bond lengths and frequencies for the diatomic and triatomic species. 
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Table 1 Summary of optimized modeling parameters in eqn (2) obtained by modeling the experimental reaction cross sections.a

Reaction 0 n p ED (eV) E0 (eV) D0 (eV)

Pr + + CO  PrO+ + C→ 0.75 ± 0.34 1.6 ± 0.2 3 9.8 ± 0.1 3.60 ±0.12 7.51 ± 0.12

Pr + + CO  PrC+ + O→ 0.67 ± 0.30 1.1 ± 0.1 3 11.3 ± 0.1 8.14 ± 0.10 2.97 ± 0.10

Pr+ + CO2  PrCO+ + O→ 0.14 ± 0.01 1.5 ± 0.1 3 6.0 ± 0.1 5.14 ± 0.07 0.31 ± 0.07

PrO+ + CO  Pr + + CO2→ 0.003 ± 0.001 2.2 ± 0.2 11 7.7 ± 0.1 2.21 ± 0.22 7.66 ± 0.22

PrO+ + CO  Pr+ + O + CO→ 0.14 ± 0.07 1.0 ± 0.1 7.72 ± 0.23 7.72 ± 0.23

PrO+ + CO  PrO2
+ + C→ 0.10 ± 0.03 1.7 ± 0.1 4 12.8 ± 0.1 8.59 ± 0.13 2.52 ± 0.13

PrO+ + O2  Pr+ + O + O2→ 0.10 ± 0.04 1.6 ± 0.2 7.73 ± 0.13 7.73 ± 0.13

PrO+ + O2  PrO2
+ + O→ 0.11 ± 0.03 3.2 ± 0.1 4 6.4 ± 0.3 2.78 ± 0.22 2.34 ± 0.22

PrO+ + Xe  Pr+ + O + Xe→ 0.02 ± 0.01 2.0 ± 0.1 7.58 ± 0.20 7.58 ± 0.20

a Uncertainties are one standard deviation.
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Table 2 Experimental and theoretical BDEs (eV) for PrO+, PrC+, PrO2
+, and PrCO+ a

Level Basis set Pr+-O Pr+-C OPr+-O Pr+-CO MADb

Experiment 7.62 ± 0.09 2.97 ± 0.10 2.47 ± 0.11 0.31 ± 0.07

B3LYP ANO 6.80 2.76 2.36 0.07 0.35

Seg. SDD 6.84 2.66 2.31 0.07 0.37

cc-pVDZ-DK3 6.56 2.52 2.78 0.46 0.49

cc-pVTZ-DK3 6.64 3.00 2.80 0.47 0.38

cc-pVQZ-DK3 6.49 2.54 2.98 0.73 0.62

CBS 6.38 2.21 3.10 0.90 0.81

PBE0 ANO 7.01 3.15 2.45 0.13 0.25

Seg. SDD 6.82 3.15 2.64 0.14 0.33

cc-pVDZ-DK3 6.78 3.27 2.90 0.47 0.43

cc-pVTZ-DK3 6.87 3.35 2.95 0.26 0.42

cc-pVQZ-DK3 6.73 2.84 3.04 0.18 0.43

CBS 6.63 2.49 3.10 0.13 0.57

CCSD(T) ANO 7.83 3.73 2.55 0.12 0.31

Seg. SDD 7.92 3.76 2.61 0.12 0.36

cc-pVDZ-DK3 8.21 3.74 3.24 0.58 0.60

cc-pVTZ-DK3 9.24 3.89 3.78 0.56 1.03

cc-pVQZ-DK3 8.18 3.77 2.89 0.59 0.52

CBS 7.42 3.69 2.26 0.61 0.36

a Calculated BDEs are both spin-orbit and zero-point energy corrected. CCSD(T) results are 

obtained from single point calculations using PBE0 geometry optimized structures and 

vibrational frequencies. b Mean absolute deviation from experiment. 
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Fig. 1. Thermodynamic cycle that can be used to determine ΔCIH0
o for the chemi-ionization 

reaction via (1) the ionization energy and bond energy of the metal oxide and (2) the ionization 

energy of the metal and bond energy of the metal oxide cation.
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Fig. 2. Product ion cross sections as a function of center-of-mass (lower x-axis) and laboratory 

(upper x-axis) frame kinetic energy for the reaction between Pr+ and O2 (pressure of 0.31 mTorr). 

The arrows indicate the bond energy of O2 at 5.12 eV and the spectator stripping (SS) limit for 

dissociation at 9.3 eV. The solid black line corresponds to the Langevin-Gioumousis-Stevenson 

collision cross section for this reaction.
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Fig. 3. Product ion cross sections for the reaction of Pr+ and CO2 (pressure of 0.30 mTorr) as a 

function of center-of-mass (lower x-axis) and laboratory (upper x-axis) frame kinetic energy. 

The arrow indicates the bond energy of OC-O at 5.45 eV. The solid black line is the Langevin-

Gioumousis-Stevenson collision cross section for this reaction. Optimized models of the PrO+ 

and PrCO+ cross sections using eqn (3) are given by the solid (dashed) green line, which includes 

(excludes) convolution over the reactant internal and kinetic energy distributions. 
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Fig. 4. Product ion cross sections for the reaction between Pr+ and CO (pressure of 0.31 mTorr) 

as a function of center-of-mass (lower x-axis) and laboratory (upper x-axis) frame kinetic energy. 

The arrow indicates the bond energy of C-O at 11.11 eV. The total product ion cross section is 

given by the solid black line. Optimized models for both cross sections using eqn (3) are given 

by the solid (dashed) lines, which include (exclude) convolution over the reactant internal and 

kinetic energy distributions.
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Fig. 5. Comparison of the Pr+ product ion cross section from the CID reactions of PrO+ with Xe 

(black circles, pressure of 0.28 mtorr), O2 (blue triangles, pressure of 0.30 mTorr) and CO (red 

inverted triangles, pressure of 0.31 mTorr). The upper x-axis shows the laboratory frame energy 

scale for the Xe reaction. Optimized fits using eqn (3) are given by the solid (dashed) lines, 

which include (exclude) convolution over the reactant internal and kinetic energy distributions.
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Fig. 6. Product ion cross sections for the reaction of PrO+ and CO (pressure of 0.31 mTorr) as a 

function of center-of-mass (lower x-axis) and laboratory (upper x-axis) frame kinetic energy. 

Arrows indicate the Pr+-O and C-O bond energies at 7.62 and 11.11 eV, respectively, along with 

the spectator stripping (SS) dissociation limit at 12.6 eV. Optimized models of the PrO2
+ cross 

section and for the low and high energy features of the Pr+ cross section obtained using eqn (3) 

are given by the solid (dashed) lines, which include (exclude) convolution over the reactant 

internal and kinetic energy distributions.
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Fig. 7. Product ion cross sections for the reaction of PrO+ and O2 (pressure of 0.30 mTorr) as a 

function of center-of-mass (lower x-axis) and laboratory (upper x-axis) frame kinetic energy. 

The arrow indicates the bond energy of O2 at 5.12 eV. Optimized models for both products using 

eqn (3) are given by the solid (dashed) lines, which include (exclude) convolution over the 

reactant internal and kinetic energy distributions. 
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Fig. 8. Comparison between experimental (lines) and calculated (symbols) relative energies for 

the ground state and several excited states of Pr+ at the B3LYP, PBE0, and CCSD(T, full) levels 

of theory using the ANO (circle) and Seg. SDD (triangle) basis sets. Experimental energies are 

obtained from an average over the SO levels weighted by 2J + 1 (see Table S1).
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Fig. 9: Molecular orbitals for the ground states of PrO+, PrC+, PrO2
+, and PrCO+ calculated using the PBE0 level of theory and the 

ANO basis set for Pr.
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Fig. 10. Comparison between experimental with associated uncertainties (dashed line) and 

theoretical BDEs for Pr+-O, Pr+-C, OPr+-O, and Pr+-CO. Theoretical calculations were obtained 

using the B3LYP, PBE0, and CCSD(T, full) levels of theory using the ANO (filled circles) and 

Seg. SDD (filled triangles) basis sets for Pr. The PrCO+ BDEs at the CCSD(T, full) level were 

obtained from single point energy calculations using the PBE0 geometry. Additional calculations 

for all four molecules using cc-VXZ-DK3 all-electron basis sets are shown for X = D (open 

circles), T (open triangles), Q (open diamonds), and the complete basis set (CBS) extrapolation 

(open squares). Theoretical BDEs are SO corrected as explained in detail in the supplementary 

material.
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