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ABSTRACT: Recent electronic state-selected measurements of the reactions of atomic vanadium 

cations with D2 and CO2 are reanalysed to properly account for the kinetic energy distribution of 

the reactant neutrals. The need for this is demonstrated in the present work by comparing the D2 

data to that obtained previously in earlier experiments but unpublished. It is shown that the earlier 

data, which utilized a surface ionization source of V+, and the state-selected data for V+(a5D2) are 

essentially identical in the threshold regions where they overlap. Differences in the electronic state 

energies and kinetic energy distributions of V+ in the two experiments are very small and much 

smaller than the kinetic energy distribution of the neutral reactant, which is identical in both 

experiments. It is shown that properly accounting for the latter distribution alters the conclusions 

regarding the threshold energy for the endothermic formation of VD+ such that recent conclusions 

regarding the bond energy of VD+ are substantially alterred, and found to reproduce the the original 

bond energy determination. Accounting for all experiments, a revised best value for D0(VH+) is 

2.07 ± 0.09 eV (or D0(VD+) = 2.10 ± 0.09 eV). This conclusion is validated by high-level ab initio 

calculations. Differences in the new and older data sets for the V+ + D2 reaction at higher energies 

(above the onset for dissociation of the product ion) are also discussed. The same methodology is 

then applied to recent studies on the state-selected V+ + CO2 reaction.  
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INTRODUCTION 

In 1985, Elkind and Armentrout (EA) examined the reaction of atomic vanadium cations 

(V+) with H2, HD, and D2 using a guided ion beam tandem mass spectrometer (GIBMS).1 This 

was one of the earliest studies performed with this apparatus and the first in a series that examined 

how reaction cross sections changed as a function of both the kinetic energy and variations in the 

electronic state of the atomic transition metal cation.1-26 In these studies, the electronic state of the 

metal cations was varied by utilizing two (sometimes more) ion sources: a) a surface ionization 

(SI) source in which atomic metal cations are emitted from a hot filament at a known temperature, 

and b) an electron ionization (EI) source in which energetic electrons ionize and dissociate a 

volatile compound containing the metal of interest. Using the SI source at 2000 ± 100 K, which 

should yield a distribution of electronic states of 83.3 ± 1.4% 5D, 16.6 ± 1.4% 5F, and 0.14 ± 0.04% 

3F, EA obtained data for H2 and D2 that was analyzed to yield an average bond dissociation energy 

(BDE) for VH+ of 2.05 ± 0.06 eV or for VD+ of 2.08 ± 0.06 eV [after correcting for the zero point 

vibration energy (ZPVE) difference of 0.031 eV using calculated vibrational frequencies of 1750 

and 1250 cm-1, respectively]. Recently, Xu, Chang, and Ng (XCN) have revisited this system 

(reaction with D2 only)27 using a similar GIBMS apparatus but a refined metal cation source 

capable of generating ions in specific spin-orbit levels of multiple electronic states.28 They observe 

the same overall behavior but interpret the threshold VD+ formation differently, obtaining the 0 K 

BDE, D0(VD+) = 2.5 ± 0.2 eV. As will be justified below, the purpose of this paper is to amend 

the threshold interpretation of XCN by properly accounting for the kinetic energy distribution of 

the neutral D2 reactant, so-called “Doppler broadening”. The need for this treatment is detailed, 

the threshold of the recent experiments reevaluated, and high-level ab initio calculations are used 

to bolster the threshold assignment made previously and in the present work. The results are then 

extended to reexamine the state-selected studies of the reactions of V+ with CO2.
29 
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EXPERIMENTAL AND THEORETICAL METHODS 

 The experimental details of both the earlier work of Elkind and Armentrout and the recent 

studies of Ng and coworkers are provided in the original papers.1, 27, 29 For the theoretical 

calculations conducted here of both VH and VH+, we used Gaussian1630 and optimized geometries 

at the MP2/aug-cc-pV(Q+d)Z level of theory. Single point energies were then calculated at the 

CCSD(T)/CBS level, where the complete basis set (CBS) extrapolations used aug-cc-pV(X+d)Z 

basis sets with X = Q and 5 and were formulated using the method described by Halkier et al.31-34 

for both Hartree-Fock energies and CCSD(T) correlation energies. 

 

RESULTS AND DISCUSSION 

Reaction of V+ + D2: Threshold Region 

 To evaluate the need for reassessing the threshold assignment of XCN, it is useful to 

quantitatively compare the early and more recent kinetic-energy dependent integral cross section 

() measurements of the V+ + D2 reactions. XCN compared their results for V+(a5D2) + D2 with 

the published data of EA for V+(SI) + H2, noting that “Although it was asserted that the observed 

 values of V+ + H2 were similar to those of V+ + D2, no experimental  measurements for the V+ 

+ D2 data reaction were reported previously.” Here, we rectify this omission by showing in Figure 

1 the original data of EA for both reactions along with that from XCN. In order to emphasize the 

comparison of the energy dependence rather than the absolute magnitudes, we have scaled the data 

of XCN down slightly (by 30%, well within their stated absolute uncertainty of ≤50%) and we 

have scaled the D2 data of EA up by 30% (well within the combined uncertainties in the absolute 

magnitudes of 20% each). First, we point out the agreement between the H2 and D2 data from EA, 

hopefully justifying the previous “assertion” that the data are similar. Second, very careful 

comparison of these two data sets shows that the D2 cross sections lag slightly behind those for 

H2, consistent with the expectation from ZPVE differences that the D2 reaction has a higher 

threshold by 0.05 eV. Third, as noted by XCN, the comparison shows “fair agreement, except for 

the peak positions and peak widths.” Here, we augment this description by pointing out that the 
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shape of all three cross sections is the same in the threshold region. The differences at higher 

energies are discussed further below, but for the moment, we concentrate on the key threshold 

region, as this determines the BDE value obtained.  

 We can first ask the question of why the data are so similar, given that the data from XCN 

has the spin-orbit state of V+ chosen precisely (in Figure 1, it’s the a5D2 level at 106.6 cm-1= 0.013 

eV above the ground a5D0 level), whereas the data from EA “involved no J-state selections, and 

the quantitative quantum state distributions were unclear” according to XCN. This characterization 

is inaccurate in that EA specifically state that the SI source should yield a thermal distribution of 

electronic states at the temperature of the SI filament (2000 ± 100 K in these experiments), which 

therefore can provide the detailed distribution of all spin-orbit levels. It can be argued that this 

assumption has never been rigorously proven (or disproven), but the SI filament temperature 

dependence of endothermic reactions has been studied many times and also compared with results 

using thermalized flow tube sources.2, 4, 7, 9, 11-14, 16-18, 20-21, 24 The results of these studies are all 

found to be consistent with this assumption, which has also been independently confirmed for the 

case of Co+.35 Further, as shown below, the state-selected measurements of the V+ + D2 reactions 

can be used to reproduce the earlier V+ (SI) + D2 cross sections and similarly, state-selected V+ + 

CH4 reaction results can be used to reproduce earlier V+(SI) + CH4 cross sections7 (including the 

temperature dependence) with fidelity. The latter two results are probably the best demonstration 

yet that the equilibrium assumption is correct. 

Given this assumption, the average electronic energy (Eel) of the V+(SI) ions in the study 

of EA is 0.082 ± 0.005 eV, such that these ions should have 0.07 eV more energy than V+(a5D2). 

However, XCN determine that the a5F state of V+ is about an order of magnitude less reactive than 

the ground a5D state and the a3F state is about seven times more reactive. Further, the probability 

of reaction has no dependence on J-levels within these individual electronic manifolds of the a5D, 

a5F, and a3F states. If we take this new information into account, then the weighted Eel of V+(SI) 

= 0.043 ± 0.005 eV. Thus, the two experiments have V+ electronic energies with differences that 

are very small (~0.03 eV) and clearly cannot influence the results obtained significantly. 
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Furthermore, both EA and XCN correct their measured thresholds (called E by XCN) by the 

perceived electronic energy and also by the rotational energy of the reactant neutral D2 (Erot = 

0.026 eV as both experiments have room temperature gas cells where the vibrational energy 

contribution is negligible). Once these energies are included EA refer to the threshold for reaction 

as E0, the threshold in the absence of internal energy distributions (i.e., at 0 K). Both studies also 

obtain the final BDEs by using eq 1 (or the H2 analogue for EA). 

D0(V
+-D) = D0(D2) – Eel – Erot – E = D0(D2) – E0    (1) 

According to eq 1, the accurate determination of D0(V
+-D) requires the precise measurement of 

the threshold energy E at 0 K. The application of the newly developed single spin-orbit state 

selection scheme along with the supersonic cooling of V+ ions should facilitate the 0 K E-

threshold assignment because Eel is exactly defined and the supersonic expansion V+ source 

reduces this reactant’s kinetic-energy distribution. Given the similarity in the data and the very 

small differences in Eel, it should have been expected that that similar threshold energies and 

similar BDEs would result, yet XCN find a difference of ≈ 0.4 eV. This discrepancy is a result of 

how the threshold energies were assigned in both experiments. XCN originally used an “onset of 

observable signal” (OOS) criterion, finding their first VD+ signal at E = 2.0 eV for the a5D2 level 

(Eel = 0.013 eV), E = 1.7 eV for the a5F1 level (Eel = 0.323 eV), and E = 0.8 eV for the a3F2 

level (Eel = 1.071 eV).36 For all three thresholds, they assign an uncertainty of ±0.1 eV because 

they collect points every 0.1 eV in the threshold regions. Given D0(D2) = 4.556 eV,37-38 using these 

three threshold energies in eq 1 leads to D0(V
+-D) values of 2.52, 2.51, and 2.66 ± 0.1 eV, 

respectively. The average of these led to their final suggested value of 2.56 ± 0.2 eV (two standard 

deviations). 

In contrast, EA took advantage of the seminal work by Chantry in 1971 on “Doppler 

Broadening in Beam Experiments” where he showed that the thermal motion of the neutral gas 

contributes a large distribution to the energy available to the reaction system.39 Chantry dubbed 

this “Doppler Broadening” because the neutrals moving towards the ions lead to much higher 

relative energies, whereas those moving away have much lower energies than the mean. His 
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interpretation has been validated by many experiments in the interim. This broadening is 

particularly severe in the present case because H2 and D2 are light molecules having high velocities. 

The effect of this broadening is easily seen in the data of Figure 1 as the curvature in the threshold 

region of all three cross sections. Shown below the baseline are the Doppler distributions for the 

D2 reaction at 2.0, 4.5, and 8.0 eV, which have full-widths at half maximum (FWHMs) of 0.73, 

1.09, and 1.46 eV. It can be seen that this distribution at 2 eV matches the curvature in the threshold 

region. 

A simple demonstration that the kinetic energy distribution of the neutral molecules needs 

to be included in the threshold determination can be performed by changing the temperature of the 

neutral gas. If the OOS criterion were correct, then the threshold would not change with this 

temperature, whereas if Chantry is correct, the OOS position would change with temperature, but 

properly accounting for the change in temperature would provide the same 0 K threshold energy. 

In this regard, a study by Sunderlin and Armentrout of the C+ and N+ reactions with H2, HD, and 

D2 shows conclusively that the cross sections change in exactly the manner anticipated by Chantry 

when the temperature of the neutral reagent changes (in that study, from 305 to 105 K).40 Notably, 

Chantry’s result was later extended by Lifshitz et al. to include the kinetic energy distribution of 

the ions in the data analysis.41 For the V+ + D2 reactions, EA had a kinetic energy distribution of 

their V+ ions with a FWHM of 0.7 eV, whereas the supersonic V+ source of XCN had a narrower 

distribution of 0.2 eV, both in the laboratory frame. When converted to the center-of-mass frame, 

these distributions have FWHMs of 0.051 and 0.015 eV, respectively, for the D2 reaction (0.026 

and 0.008 eV for the H2 reaction). When convolved with the broad kinetic energy distribution of 

the D2 neutral, these ion energy distributions introduce a negligible change and are inconsequential 

in the data analysis. For example, at 2.0 eV, the Doppler broadening has a FWHM of 0.727 eV, 

and when the kinetic energy distributions of V+ are included, the FWHM becomes 0.729 eV for 

EA and 0.727 eV for XCN in the center-of-mass frame. 

As Chantry originally demonstrated, the proper way to handle this distribution is to 

convolve a model with the distribution and then compare that with the data, the procedure used by 
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EA and used below. The problem is what model to use because there is no rigorous theory for the 

shape of a reaction cross section as a function of kinetic energy. At the time the original V+ + H2, 

HD, D2 study was published, the best form for an appropriate model was still being tested and 

developed, but most approaches used in the literature have centered around a shape defined by eq 

2,42-45  

 (E) = 0 (E + Eel + Eint – E0)
n/Em     (2) 

the modified line-of-centers (MLOC) model, where the simple LOC model dictates that the 

parameters n and m equal unity. As noted above, the energy available includes that in translation 

(E) in the center-of-mass frame, internal energy of the neutral reactant (Eint, exclusively rotation 

for H2 and D2), and the atomic reactant ion (Eel). EA tested many forms of this equation and found 

that three worked particularly well in reproducing the data: LOC (n = m = 1), n = m (allowed to 

vary), n (allowed to vary) and m = 1. In the intervening years, the Armentrout group has settled on 

the latter model,46-47 originally designed to describe translationally driven reactions,45 as most 

appropriate for the kinetic energy dependent systems studied by GIBMS. Ultimately, any of these 

approaches yields similar results and appropriate uncertainties in this method are handled by 

measuring multiple data sets (11 each in the study of EA) along with variations in n as well as the 

uncertainties in Eel, Eint, and the absolute kinetic energies.  

The results of this type of modeling are shown in Figure 2 for the H2 reaction cross section. 

Table 1 lists the parameters used in eq 1 to reproduce both the H2 and D2 data of EA. Models 

assuming equal reactivity for all V+ electronic states, as assumed by EA, are shown in red in Figure 

2 and relative factors of 1.0 : 0.1 : 7.0 for the a5D, a5F, and a3F states, as found by XCN, are shown 

in blue in Figure 2 and parameters for both are listed in Table 1. The latter assumption raises the 

E0 threshold energies by only 0.01 eV because the cross sections remain dominated by the a5D 

state. Figure 2 shows that the MLOC model, after convolution over the kinetic energy distributions 

of both reactants and the electronic energy distribution of the V+(SI) reactant, reproduces all the 

data faithfully down into the noise of the earlier experiments. Notably, enhancing the reactivity of 

the a3F state as found by XCN reproduces the small “tail” in the SI data very well (also evident in 
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the D2 data). Considering that the a3F accounts for only 0.0014 ± 0.0004 of the ions present at 

2000 K, the sensitivity of the experiment is evident. This result simultaneously corroborates the 

relative state-selected reactivities found by XCN and the assumption of thermal equilibrium of 

spin-orbit levels by EA. The dashed lines exclude these distributions, and their onset (E0) 

represents the true threshold energy according to the MLOC model. The average of all 

determinations of the V+(SI) + H2 and D2 data of EA after correction for ZPVE gives a 0 K BDE 

for VH+ of 2.04 ± 0.07 eV (two standard deviations of the mean), reproducing the value reported 

by EA. 

It can be realized that the modeling approach that properly incorporates Doppler 

broadening provides a more precise means of determining the threshold as it relies on accurately 

reproducing not just the OOS, but the entire cross section curve. The observation that such a simple 

model, when properly convolved, reproduces the experimental data with such fidelity, Figure 2, 

suggests the legitimacy of this approach. 

This conclusion is amplified by reanalyzing the data obtained by XCN for reactions of D2 

with V+ in its a5D2, a
5F1, and a3F2 levels. Figure 3 shows this analysis including the kinetic energy 

distribution of the D2 reactant. Notably, because there are fewer points in these data sets, the 

parameter n in eq 2 was constrained to values close to those determined from the data of EA (and 

close to unity, as appropriate for the simple LOC model). It can be seen that the reproduction of 

the data for all three states is very good in the threshold region up to the peak cross section in each 

case. Furthermore, onsets of the dashed lines (which do not include the kinetic energy distributions 

of either reactant) are separated by energies nearly equivalent to the known excitation energies, 

Eel, shown by the arrows. The parameters of eq 2 used in these analyses are also included in Table 

1. It can be seen that the thresholds for all three state-selected experiments are in excellent 

agreement with the values obtained for the EA data (D2 reaction). After correction for ZPVEs, the 

weighted average of the three experiments of XCN yields a VH+ BDE at 0 K of 2.10 ± 0.06 eV 

(two standard deviations of the mean). A weighted average of all experiments provides a VH+ 
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BDE of 2.07 ± 0.09 eV, which we believe is the best experimental value available. ZPVE 

adjustments yield a best value of 2.10 ± 0.09 eV for D0(V
+-D). 

 

VH and Theoretical Results 

In their discussion of the discrepancy between their newly derived value for D0(V
+-D) and 

that from EA, XCN also mention the neutral BDE, which Cheng et al. have recently reported as 

D0(VH) = 2.31 ± 0.07 eV.48 This value revised the original determination of Chen, Clemmer, and 

Armentrout of 2.13 ± 0.07 eV determined from reaction 3 with RH = HN(CH3)2 and N(CH3)3.
49 

  V+(SI) + RH  →  VH + R+     (3) 

What Cheng et al. (and independently, Fang et al.50) pointed out was that the neutral 

thermochemistry in the literature had evolved in the interim (in this case, the values of D0(R
+-H‒) 

of the two amines used in reaction 3). Using the original threshold measurements along with new 

values for D0(R
+-H‒), the corrected experimental value for D0(VH) of 2.31 ± 0.07 eV was obtained. 

This value is in good agreement with high-level ab initio calculations yielding 2.41 and 2.39 eV.48, 

50 XCN then cited a thermodynamic cycle that relies on the ionization energies (IEs) of V (well-

known experimentally) and VD (an uncited theoretical value) with a difference of 0.184 eV, such 

that D0(VD) = D0(V
+-D) + 0.184 eV. They pointed out that given the revised BDE of VD, 

incorrectly equated with D0(VH) = 2.31 ± 0.07 eV, the value for D0(V
+-D) should be 2.13 ± 0.07 

eV. If we properly correct for ZPVE effects (using vibrational frequencies for VH of 1635 cm-1 

and for VD of 1168 cm-1 calculated here at the MP2/aug-cc-pV(5+d)Z level), this thermodynamic 

cycle converts D0(VD) = 2.34 ± 0.07 eV to D0(V
+-D) = 2.16 ± 0.07 eV, which agrees nicely with 

the directly measured value from EA, 2.08 ± 0.06 eV (again corrected for ZPVE), the revised value 

obtained above for XCN, 2.13 ± 0.06 eV, and the best value of 2.10 ± 0.09 eV. This agreement is 

in accord with mean absolute deviations of 0.09 and 0.06 eV between these theoretical results 

compared with experimental results for 20 transition metal diatomics.48, 50 

To provide additional context to the thermochemistry of VH and VH+, we examined these 

species theoretically. Geometries for the VH (5) and VH+ (4) ground states were determined at 
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the MP2/aug-cc-pV(Q+d)Z level yielding bond lengths of 1.689 and 1.655 Å, respectively. Once 

extrapolated to the CBS limit, the BDEs are 2.30 and 2.17 eV, respectively. More refined 

calculations obtained using the same CCSD(T) computational protocol as that used for the 

calculations of VH in Ref. 49 were also conducted by our collaborator L. Cheng. He obtained IEs 

for V and VH of 6.749 eV (compared to the experimental value of 6.746187 eV36) and 6.962 eV, 

for a difference of 0.216 eV. This difference is similar to the theoretical value cited by XCN (0.184 

eV), and most importantly, matches the experimental differences between D0(VH) = 2.31 ± 0.07 

eV and D0(V
+-H), 0.27 ± 0.09 (EA), 0.21 ± 0.09 (XCN revised), and 0.24 ± 0.11 eV (best). When 

combined with the theoretical value D0(VH) = 2.41 eV,31 the theoretical difference of 0.216 eV 

leads to D0(V
+-H) = 2.19 eV, in agreement with the CCSD(T)/CBS value of 2.17 eV obtained here 

and in reasonable agreement with the experimental values of 2.05 ± 0.06 (EA), 2.12 ± 0.07 (revised 

XCN), and 2.08 ± 0.11 (best) eV (all with similar discrepancies as for VH).  

 

Reaction of V+ + D2: High-energy Region 

 We now return to the overall shape of the cross sections at higher energies, where there are 

more severe discrepancies between the data of EA and XCN, Figure 1. XCN suggested that the 

“difference in peak width may be accounted for by the different kinetic energy resolutions and 

quantum electronic state purities or reactant V+ ions prepared by different schemes.” In contrast, 

as demonstrated above, the electronic state purity has a negligible effect on the average energy 

(0.03 eV difference) as does the kinetic energy distribution of the V+ ions (0.04 eV difference). 

Rather, the energy distributions are dominated by the motion of the neutral reactant, which is 

identical in the experiments of EA and XCN. (Note too that the FWHM of the kinetic energy 

distribution at 4.5 eV is 1.09 eV for D2 and 1.11 eV for H2, i.e., essentially identical. These FWHM 

values are perturbed by <0.01 eV by including the kinetic and electronic energy distributions of 

V+.)  

 Ultimately, both EA and XCN agree that the reason the VD+ (and VH+) cross section 

reaches a maximum is that the product can decompose beginning at the point where the V+ + D + 



11 

 

D channel can open, i.e., beginning at D0(D2) = 4.556 eV (4.478 eV for H2).
37, 51 So what does 

explain the difference in behavior? To answer this question, we return to modeling the cross 

sections appropriately convolved with all energy distributions. This is shown in Figure 4 for both 

VH+ and VD+. Here, in addition to the MLOC model of eq 2, we have included a model for the 

probability of dissociation of the VH+ (VD+) product, PD.52 This model is controlled by two 

parameters: ED, the energy at which the decomposition can begin, and p, which like n in eq 2, 

controls the shape of the cross section. This model, which includes contributions of angular 

momentum conservation (which takes into account having to overcome the centrifugal barrier for 

molecules having rotational energy),53 was developed shortly after the publication by EA and was 

not included there. Nevertheless, Figure 4 shows that it reproduces the behavior of the VH+ and 

VD+ cross sections throughout the threshold regions, through the peaks, and up to about 6 or 7 eV. 

Notably, ED was fixed at D0(H2) = 4.478 eV or D0(D2) = 4.556 eV (and p = 1) in the models shown. 

Clearly, this simple model not only reproduces each individual data set, it also reproduces the 

differences between them, which are partly attributable to the larger BDE of D2. Further, the VD+ 

cross section declines more slowly because the heavier D atom can carry away more energy than 

the lighter H atom. At higher energies (above 6 or 7 eV or so), it is believed that the collisions 

between V+ and H2 (D2) become increasingly impulsive and the probability of forming the VH+ 

(VD+) molecule decreases more rapidly. Indeed, when both sets of data are viewed on a log-log 

scale (Figure 2), it can be seen that the slope of the decline increases at these energies, indicating 

a change in the mechanism (or possibly incomplete collection of products at such high energies). 

In any event, the model shows that using the correct thermodynamics for dissociation of the VH+ 

(VD+) product leads to an accurate description of the experimental cross sections of EA over an 

extended energy range.  

The same model can be successfully applied to the XCN data for the a5F1 and a3F2 levels, 

which have Eel = 0.323 and 1.071 eV, respectively, such that the peak in the cross section should 

come at lower collision energies, specifically, ED = D0(D2) – Eel = 4.23 and 3.48 eV, respectively. 

As shown in Figure 3, the MLOC model that includes PD and these values of ED reproduces the 
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a5F1 and a3F2 data throughout the threshold regions, the peaks in the cross section, and the initial 

declines in the cross sections associated with dissociation. Deviations occur at higher energies, 

presumably for the same reasons as the EA data. Notably, the peaks in the cross sections for a5F1 

and a3F2 are distributed according to Eel, like the threshold energies, but this is not true for the 

a5D2 cross section. In contrast to the data of EA, the data of XCN for a5D2 begins to decline sharply 

beginning at 4.0 eV, well before it is thermodynamically possible to undergo dissociation. Despite 

careful tuning of the ion lenses and bias applied to the analysis quadrupole mass filter, it is possible 

that the products were not collected efficiently at high energies in this experiment. In this regard, 

the rf octopole technology used by both groups generally provides efficient product collection but 

is not a panacea.  

 

Reaction of V+ + CO2 

 Chang, Xu, and Ng (CXN) examined the state-selected reactions of V+ with CO2, observing 

both VO+ and VCO+ channels.29 The results obtained were generally in agreement with the 

previous work of Sievers and Armentrout (SA) on the same reaction, where V+ ions were generated 

using a direct current discharge/flow tube (DC/FT) source that was shown to generate ions 

exclusively in their 5D ground state.54 It was assumed that the spin-orbit levels were populated 

according to a Maxwell-Boltzmann distribution at the temperature of the flow gases (90:10% 

He:Ar), 300 K. This would provide a distribution of J levels for 0, 1, 2, 3, and 4 of 9.2, 23.2, 27.6, 

23.7, and 16.3%, respectively, with no population of higher lying states. The average electronic 

energy of this distribution is 0.018 eV, similar to that for a5D2 (0.013 eV). The FWHM of the 

vanadium ion kinetic energy distribution was 0.25 – 0.40 eV in the laboratory frame, or 0.12 – 

0.19 eV in the CM frame, compared to 0.09 eV in the CM frame in the experiments of CXN. 

Compared with the Doppler broadening, which is the same in both experiments, both of these 

differences are negligible.  

 The reaction of V+ with CO2 to form VO+ + CO is exothermic for all electronic states of 

V+, consistent with the observations in both studies of no barriers to formation of these products 
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no matter how the ions were generated. In contrast, reaction to form VCO+ + O is strongly 

endothermic with an apparent threshold near 4 eV for V+(a5D2) and V+(DC/FT). The state-selected 

study assigned OOS thresholds of 4.1, 3.8, and 3.0 ± 0.1 eV for reactions of the a5D2, a
5F1, and 

a3F2 levels. It was pointed out that these are consistent with the known thermochemical threshold, 

although this was not specified very precisely. The best value for D0(V
+-CO), 1.17 ± 0.03 eV, 

comes from a direct collision-induced measurement of Sievers and Armentrout,55 published 

slightly after their study of the V+ + CO2 reaction (although the value was cited by SA and also 

used by CXN). After correcting for the electronic excitation energies, and using D0(O-CO) = 5.453 

± 0.001 eV,38 the threshold energies for the three V+ levels should be 4.27, 3.96, and 3.21 ± 0.03 

eV, respectively, slightly above the assigned OOS thresholds. In contrast, when SA analyzed their 

data, properly accounting for the Doppler broadening, they obtained a threshold of E0 = 4.59 ± 

0.30 eV, whereas the thermodynamic threshold of 4.28 ± 0.03 eV is slightly below that. Note that 

the difference between the assigned thresholds for V+(a5D2) and V+(DC/FT) is 0.5 eV, consistent 

with the Doppler broadening of 0.81 eV (FWHM) at 4.3 eV in this system. In this case, we believe 

that the threshold obtained for VCO+ + O formation is an unreliable indicator of the 

thermochemistry because of the direct competition with the much more favorable formation of 

VO+ + CO, which is over an order of magnitude larger at about 5 eV in both studies. As originally 

pointed out by SA, both reactions involve cleavage of the O-CO bond and therefore directly 

compete. This competition should shift the threshold for the less favorable reaction (here, VCO+ 

+ O) to higher energies, as found by the threshold analysis of SA.  

 CXN directly compared the cross sections obtained for reactions of CO2 with V+(a5D2) and 

V+(DC/FT). Both cross sections exhibit the same curvature and absolute magnitude from the 

apparent thresholds of ~ 4 eV up to 5 eV. Hence, a proper analysis of these cross sections or those 

for V+(a5F1) and V+(a3F2) should reproduce the threshold result obtained by SA. Above 5 eV, the 

cross sections differed appreciably. Those for SA continue to increase and then decline slowly at 

higher energies, compared to a precipitous decline in the data of CXN.  

 



14 

 

CONCLUSION 

As demonstrated above, properly accounting for the kinetic energy distribution of the 

reactant neutral alters the threshold determinations made in recent state-specific reactions of 

vanadium cations with D2 and CO2. As detailed above and confirmed by high-level ab initio 

calculations, the previously determined value for D0(V
+-H) of 2.05 ± 0.06 eV now agrees with a 

reevaluated determination of 2.10 ± 0.06 eV for the data of XCN. A best value of 2.07 ± 0.09 eV 

is determined from a combination of both experiments. In the CO2 system, thresholds for 

production of VCO+ + O are consistent in both experiments and should lie slightly above the true 

thermodynamic threshold because of direct competition with the dominant formation of VO+ + 

CO. Because the data analysis does not account for this competition, accurate thermodynamic 

conclusions cannot be drawn from determinations of this threshold.  
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Table 1. Modified line-of-centers models (eq 2) of SI data from EA and state-selected data 

from XCN.a  

Reaction 0 n E0 (eV) D0(V
+-H) 

V+(SI) + H2 0.84 (0.17) 1.1 (0.1) 2.47 (0.05) 2.01 (0.05) 

 0.89 (0.18) 1.0 (0.1) 2.48 (0.05) 2.00 (0.05) 

V+(SI) + D2 0.58 (0.12) 1.2 (0.1) 2.45 (0.05) 2.07 (0.05)b 

 0.63 (0.13) 1.1 (0.1) 2.46 (0.05) 2.06 (0.05)b 

V+(a5D2) + D2 1.35 (0.08) 1.0 (0.1) 2.41 (0.04) 2.12 (0.04)b 

V+(a5F1) + D2 0.092 (0.011) 1.0 (0.1) 2.47 (0.08) 2.06 (0.08)b 

V+(a3F2) + D2 5.1 (0.3) 1.1 (0.1) 2.44 (0.04) 2.08 (0.04)b 

a In all cases, m = 1. Uncertainties (one standard deviation) in parentheses. For SI data, 

relative state reactivities are equal (roman) or 1 : 0.1 : 7 (italic) for a5D : a5F : a3F states of V+. 

b Includes a zero-point vibrational energy correction of 0.03 eV. 
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Figure 1. Absolute integral cross sections for reaction of atomic vanadium cations with H2 (solid 

symbols) or D2 (open symbols) as a function of kinetic energy in the center-of-mass (CM) frame. 

Small symbols are taken from ref. 1 (EA) and correspond to V+ formed by surface ionization (SI). 

Large symbols are taken from ref. 27 (XCN) and correspond to reactions of V+ (a5D2) ions. Below 

the baseline, the Doppler profiles of the D2 reaction are shown at 2.0, 4.5, and 8.0 eV. 
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Figure 2. Same data as shown in Figure 1 now on log-log scales. The red and blue solid (dashed) 

lines show the modified line-of-centers (MLOC) model coupled with the probability of 

dissociation (PD) for the V+ + H2 reaction of EA including (excluding) convolution with the 

electronic and kinetic energy distributions of the reactants. The red line assumes equal reactivity 

for all spin-orbit levels, whereas the blue line adopts the relative reactivities found by XCN, see 

text. The black line shows the Doppler profile of the H2 reaction at E0 = 2.47 eV. The arrow shows 

the data point chosen by XCN as their threshold energy. 
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Figure 3. State-selected data (points) of XCN for reaction of D2 with V+(a5D2) (black), V+(a5F1) 

(blue), and V+(a3F2) (red). The solid (dashed) lines show the modified line-of-centers (MLOC) 

models coupled with the probability of dissociation (PD) for each data set including (excluding) 

convolution with the kinetic energy distributions of the reactants. Vertical down arrows indicate 

the expected thresholds on the basis of the known excitation energies of each V+ level and the 

best value for D0(V
+-D) obtained in the present work. For PD, the onset for dissociation, ED, is 

fixed at D0(D2) – Eel (vertical up arrows) for all three electronic levels.  
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Figure 4. Same data as shown in Figure 1. The solid (dashed) lines show the modified line-of-

centers (MLOC) model including the dissociation model (PD) for the V+ + H2 (red) and D2 (blue) 

reactions of EA including (excluding) convolution with the electronic and kinetic energy 

distributions of the reactants. The onset for dissociation, ED, is fixed at the bond energies of H2 at 

4.478 eV and D2 at 4.556 eV as indicated by the arrows. 
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