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Kinetic energy release in thermal ion-molecule reactions: 
The Nb2 +{benzene) single charge-transfer reaction 
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Steven W. Buckner 
Department o/Chemistry, University 0/ Arizona, Tucson, Arizona 85721 

(Received 1 July 1988; accepted 1 August 1990) 

We have adapted the techniques originally developed to measure ion kinetic energies in ion 
cyclotron resonance (lCR) spectrometry to study the single charge-transfer reaction of Nb2 + 

with benzene under thermal conditions in a Fourier transform ion cyclotron resonance mass 
spectrometer (FTICRMS). The partitioning of reaction exothermicity among the internal and 
translational modes available is consistent with a long-distance electron-transfer mechanism, in 
which the reactants approach on an ion-induced dipole attractive potential and cross to a 
repulsive potential at a critical separation of -7.5 A when electron transfer occurs. The 
reaction exothermicity, 5.08 eV, is partitioned to translation of Nb + ,0.81 ± 0.25 eV, 
translation ofC6 H6 +, 1.22 ± 0.25 eV, and internal excitation ofC6 H6 + to produce the la2u 

electronic state, which is -3 eV above the ground state of the ion. We have also studied the 
kinetics of the reaction of Nb2 + with benzene and determined the rate constant, k = 

1.4 X 10-9 cm3 molecule- I 
S-I, and the efficiency, 0.60, of the process. These also support the 

proposed charge-transfer mechanism. In addition to the charge-transfer pathway, which 
accounts for 95% of the reaction products, Nb2 + is observed to dehydrogenate benzene to 
form Nb2 + (benzyne). This process implies D(Nb2 + -benzyne) >79 kcallmol. 

INTRODUCTION 

The detailed study of gas-phase ion-molecule chemistry 
continues to be an area of intense interest. In particular, the 
investigation of gas-phase transition metal ion chemistry has 
grown very rapidly during the last decade. 1 Much of this 
study has focused on identifying the products of thermal 
reactions of transition metal ions with organic neutrals, in­
terrogating product ion structures through various activa­
tion techniques, and determining reaction kinetics in an ef­
fort to elucidate reaction mechanisms. However, a thorough 
understanding of the encounter collision between a transi­
tion metal ion and a neutral partner must include informa­
tion on the reaction dynamics, ideally, a full potential energy 
surface complete with details of state-to-state reaction cross 
sections and energy disposal into the available modes of the 
products. Toward this goal, several groups have studied the 
effects of electronic excitation on the course of transition 
metal ion-molecule reactions. 2.3 

Central to our ability to effectively study reaction dy­
namics is the development of experimental techniques for 
monitoring the partitioning of energy among the available 
modes during the course of a reaction. Recent advances in 
ultrafast spectroscopy permit the use of femtosecond laser 
pulses to directly probe the transition state during the course 
of a number of dissociative half-collisions.4 Short of this di­
rect approach, powerful spectroscopic methods can be em­
ployed to examine the energy deposited in the products of an 
ion-molecule event, and details ofthe reaction dynamics can 

n) National Science Foundation predoctoral fellow, ACS Analytical Divi­
sion fellow. 

h) Author to whom correspondence should be addressed. 

be inferred from the observed distribution of energy. In par­
ticular, infrared chemiluminescence and laser-induced flu­
orescence have emerged as ideal techniques for the deter­
mination of product internal energies, but these approaches 
can be applied only in those limited cases in which the prod­
ucts are formed in luminescent states or can be laser excited 
to an appropriate fluorescent state. 5 Clearly, these emission 
techniques also require a significant density of excited prod­
uct ion if measurable luminescence intensities are to be pro­
duced. For researchers studying the thermal and near-ther­
mal chemistry of transition metal ions in an ion cyclotron 
resonance mass spectrometer, this requirement makes rou­
tine measurement of luminescence and laser-induced flu­
orescence spectra quite difficult; however, Marx and co­
workers have demonstrated that these experiments can be 
successfully performed in a number of cases. 6 

An alternative method for exploring the dynamics of 
ion-molecule processes in an ion cyclotron resonance mass 
spectrometer has been developed. By studying the trapping 
voltage dependence of product ion intensities, the kinetic 
energy deposited in those product ions during the course of a 
reaction can be measured. Kinetic energy release measure­
ments performed in reversed-geometry sector instruments 
have been used to advantage in describing the dynamics of 
metastable ion dissociations.7

•s 

The ICR technique is based on the anisotropic fields 
employed to store ions in the instrument: Ions are trapped by 
a magnetic field in two dimensions and by an electrostatic 
field in the third. This trapping environment was first ex­
ploited by Dunbar and co-workers, who used it to assign the 
electronic transition in their studies of CH J Cl + photodisso­
ciation.9 Using polarized light they observed a minimum in 
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the CH .1' photoproduct ion intensity when the optical vector 
was oriented such that the dissociating C-Cl bond was 
aligned with the magnetic field. Under these conditions, the 
recoil velocity permitted some of the methyl cations to es­
cape the electrostatic potential well. When the recoil direc­
tion was oriented perpendicular to the magnetic axis, the 
kinetic energy of the methyl cation was insufficient to escape 
the magnetic field. By studying the analogous phenomenon 
for Ht , while continuously varying the polarization angle 
and the depth of the electrostatic trapping well, Dunbar and 
co-workers were able to quantify the kinetic energy of H + 

formed during the photodissociation of Ht and the anisot­
ropy f3 in the angular distribution of the photoproducts. \0 

Marxo(d).6(e).11 and Bowers l2 further developed the 
technique and applied it to measure the kinetic energy of the 
product ions formed in a number of thermal charge-transfer 
reactions involving monatomic and small polyatomic ions 
and neutrals. Only one study has been reported to date on the 
kinetic energy released during a charge-transfer reaction in­
volving a doubly charged ion. II (e) 

Indeed, there have been few studies of thermal ion-mol­
ecule reactions involving doubly charged ions. 13 Most of 
these have focused on the chemistry of doubly charged rare 
gas, alkali, and alkaline earth ions. The chemistry of these 
species is dominated by charge-transfer pathways, including 
single charge transfer, often with subsequent auto ionization 
or Penning ionization of the singly charged products to gen­
erate doubly charged products, double charge transfer, and, 
in some cases, radiative charge transfer. The other major 
pathway reported has been clustering reactions of Mg2 + , 

Ca2 + , Ba2 + , and Xe2 
+ • Many of the observations in these 

studies were rationalized on the basis of long-distance elec­
tron transfer modeled by avoided crossings of reactant and 
product potential energy curves. 

Studies of the thermal ion-molecule reactions of multi­
ply charged transition metal ions have been even fewer. 
While these species have highly exothermic charge-transfer 
pathways available with virtually all organic molecules, four 
recent studies have demonstrated that other interesting 
pathways are competitive with charge transfer. Te + 14 
and Nb2 

+ 15 participate in a number of pathways to produce 
doubly charged transition metal-ligand species. In addition, 
LaFe2 + has been successfully generated in a Fourier trans­
form ion cyclotron resonance mass spectrometer through 
the reaction of La2 + with Fe(CO)5 followed by colJision­
induced dissociation to remove CO ligands and produce the 
bare metal dimer dication. 16 In light of the interesting chem­
istry associated with these doubly charged transition metal 
ions, we report on the chemistry of Nb2 + with benzene and 
the kinetic energy deposited in the ionic products of the 
charge-transfer pathway. 

EXPERIMENTAL 

Kinetic energy measurements were performed by using 
a Nicolet FTMS-2000 Fourier transform ion cyclotron reso­
nance mass spectrometry (FTI CRMS) data station inter­
faced to a single-cell ICR mass spectrometer. The details and 
methodologies of FTICRMS have been extensively re-

viewed. 17 The 5.2 cm cubic trapping cell is situated between 
the poles ofa Varian 15 in electromagnet, which was operat­
ed at a field of 0.85 T. Typical base pressures on this instru­
ment are ~ IO- R Torr as measured with an uncalibrated Ba­
yard-Alpert ionization gauge. For these experiments, 
benzene (Baker, spectral grade) was maintained in the cell 
at a pressure of ~ 5 X 10 - 6 Torr and argon (Airco) was 
maintained at ~ 10-4 Torr. Benzene was used as provided 
except for multiple freeze-pump-thaw cycles to remove 
noncondensible gases from the sample. Varian controlled 
leak valves were used for reagent introduction. 

Reaction kinetics were studied by using a complete 
FTMS-2000 FTICRMS equipped with a single rectangular 
analysis cell (4.76 cm X 4.76 cm X 9.52 cm) situated in the 
bore of a 3 T superconducting magnet. Typical base pres­
sures on this system are ~ 10-9 Torr. The Bayard-Alpert 
ionization gauge was calibrated by observing the self-prot on­
at ion reaction of acetone and using the observed decay rate 
with a previously determined rate constant 18 to calculate the 
actual pressure of acetone and effect an instrument geometry 
correction. This process was studied over a range of pres­
sures to generate a pressure-dependent calibration curve. 
The absolute pressure of benzene used in the kinetics experi­
ments was determined by using the Rx ion gauge sensitivity 
factors reported by Bartmess and Georgiadis l9 in conjunc­
tion with this calibration curve. The benzene pressure mea­
sured in this manner was 3.3 X 10-8 Torr, and argon was 
maintained in the cell at 2x 10- 6 Torr. 

Singly and doubly charged niobium ions were generated 
by laser desorption/ionization of a pure block of niobium 
(Alfa) using the fundamental output of a Quanta Ray 
Nd:Y AG laser. 20 Laser-desorbed metal ions, especially mul­
tiply charged ions, are produced with high kinetic and inter­
nal energies. 21 Therefore, in an effort to cool the ions, they 
were stored for 150 ms in the kinetic energy release experi­
ments and 500 ms in the kinetics experiments prior to subse­
quent study to permit thermalizing collisions with argon.22 

During this thermalization, the trapping voltage was 
dropped to 0.5 V to assist in eliminating kinetically excited 
ions. After the cooling period, Nb2 + was isolated by swept 
double-resonance ejection23 of Nb + and any products re­
sulting from reactions of the hot metal ions with background 
benzene. 

The principles of kinetic energy release studies using 
ICR spectrometry have been discussed in detail. 6Cd ).6(e).9-12 
Briefly, two regimes of ICR operation can be defined in 
terms of an ion trapping criterion. Assume a single-valued 
kinetic energy distribution for the products of an ion-mole­
cule reaction and define that the magnetic field is oriented 
along the z axis of the trapping cell (i.e., the electrostatic 
potential constrains the ions along the z axis). When the 
depth of the electrostatic trapping well V is greater than this 
ion kinetic energy E k , the fraction of the ions trapped/will 
be unity, 

However, when the well depth is less than the ion kinetic 
energy, ions will only be trapped if the z-axis component of 
their kinetic energy is less than the depth of the trapping 
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well. Clearly, in this regime, ion trapping is a function of the 
angle between the ion's kinetic energy vector and the mag­
netic field vector. Assuming an isotropic distribution of ion­
molecule reaction products and integrating this criterion 
over the possible angles gives 

V<Ek:J= (V/Ek)1I2. 

This analysis also assumes a flat trapping well in which all of 
the ions produced experience the same trapping potential. 
The implications of this assumption for cubic trapping cells 
are discussed below. 

Based on this analysis, four situations can be envision­
ed. II (e) Product ions with no kinetic energy should show no 
trapping voltage dependence in their trapped fractions. Ions 
with a single-valued distribution of kinetic energies should 
show a sharp break in plots of J vs 0/2. Ions with several 
distinct kinetic energies should show several sharp breaks. 
Finally, ions with a broad continuum of kinetic energies 
should show a smoothly changing slope in their J vs 0 12 

plots. As described above, J should decrease linearly with 
decreasing 0 12 to J = 0 at 0 12 = O. For single-valued 
kinetic energy distributions, the slope of this line will be 
E k- 112. However, the slope of the lowest energy linear por­
tion of the plots for multivalued or continuous distributions 
will be a weighted function of the distribution of kinetic ener­
gy releases given by 

where/; is the fraction of the ions possessing kinetic energy 

Ek•i • 

The pulse sequence used in the kinetic energy release 
experiments is depicted in Fig. 1. Following the quench, ion 
formation (laser), ion thermalization (cool), and Nb2 + iso­
lation (reisolation) pulses described above, thermalized 
Nb2 + was permitted to react with benzene for 0.3 s. In a 
series of experiments, the trapping voftage during this reac­
tion time was adjusted from 0.5 to 7.0 V in steps of 0.1 V. 
Finally, ion detection was achieved under broadband excita­
tion conditions during the excite and receive pulses. The 
trapping voltage was 8 V at all times, except during the 
quench, cooling, and reaction pulses. 

Shot-to-shot variation in ion yield from the laser ioniza­
tion source produced large scatter in the raw intensity data. 
In addition, increasing the trapping voltage led to increased 
raw intensities of thermalized and kinetically excited ions 

Quench Loser Reisolotion Excite Receive 

Co(d Rpnct 

8.0 v 
Trapping U 1 0" V Voltnge 

VnrinhlfO 

FIG. I. FfICRMS experimental pulse sequence for the determination of 
kinetic energy released during thermal ion-molecule reactions. 

since more space charge can be accommodated with deeper 
trapping wells. The scatter in the data and the kinetic energy 
independent changes in the ion intensity with increasing 
trapping voltage were effectively eliminated by measuring 
the ratio of the intensities of the singly charged (kinetically 
excited) product ions, Nb + and C6H6+ , to the intensity of 
the doubly charged (thermalized) ion, Nb2 + . 

RESULTS 

Nb2 + has previously been observed to activate C-H and 
C-C bonds in small alkanes. 15 Nb2 + reacts with benzene by 
reactions I and 2. Clearly, the chemistry is dominated 

Nb2+ + C6H6 -.Nb+ + C6H6+ 95% (1) 

-.NbC6H~+ +H2 5% (2) 

by single charge transfer. Dehydrogenation of benzene, as 
observed in reaction (2), places a lower bound on the 
Nb2 + (benzyne) bond strength of D(Nb2 + -benzyne) ;;;. 79 
kcallmol. 24 Ideally, a kinetic energy analysis of reaction 2 
could be used to improve this limit; however, the neutral H2 
product is expected to carry away the major fraction 
( 169/171 ) of the kinetic energy released, making the kinetic 
energy of the ionic product too low to be measured with our 
technique. Interestingly, the chemistry of Nb + with ben­
zene also proceeds by dehydrogenation to form Nb + (ben­
zyne) and Nb + (benzyne) 2.25 

A typical pseudo-first-order kinetics plot for the reac­
tion of Nb2 + with benzene is displayed in Fig. 2. Based on 
the calibrated benzene pressure and the slope of this plot, the 
rate of this reaction was determined to be l.4X 10-9 cm3 

molecule - I S - I. Replicate studies gave a very reproducible 
rate; the absolute error in this rate constant is probably no 
larger than ± 30%. Based on a Langevin collision rate of 
2.32 X 10-9 cm} molecule - I S - I calculated using a polariza­
bility for benzene of 10.4 A 3, 26 the efficiency of this reaction 
k /kL is quite high at 0.60. The excellent linearity of this 
decay is encouraging, but not conclusive, evidence for cool­
ing of the Nb2 + population to its ground state. 

....... 
o ......, 

+ 

-.2 

:0 -.6 
Z , 
......, 
+ .. 
,.c 
3 -1.0 
'-' 

.8 

-1.4 

0.0 0.2 0.4 0.6 0.8 1.0 

Time (s) 

FIG. 2. Pseudo-first-order kinetics plot for the decay of the Nb2 + signal 
during the reaction of Nb' + with benzene. 
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The raw intensity ratios Nb + INb2 + and 
C/)H~' INb2 + , collected in the kinetic energy release studies 
were processed by normalization to produce a trapping effi­
ciency of one above the highest break point in thefvs V/2 

plots. Then eight data sets, each consisting of the normalized 
intensity ratios obtained by signal averaging 10 transients at 
each of 66 trapping voltages, were used in a weighted average 
to produce the kinetic energy plots for Nb+ and C/)Ht in 
Figs. 3 and 4, respectively. The weighting factor was the 
variance of the data in the regime of unit trapping efficiency 
above the highest energy break. 

The fraction of ions trapped shows the expected depend­
ence on V!2; however, three aspects of the data merit further 
discussion. First, there is a small but noticeable positive 
slope in the region above the highest energy break. Ideally,j 
should be unity throughout this region. To determine if this 
slope was associated with the kinetic energy of the ions, the 
following experiment was performed. Argon was admitted 
to the cell and ionized by electron impact ionization to pro­
duce Ar· and Ar2 + . Using a double-resonance pulse, the 
majority of the Ar + was ejected and the intensities of the 
Ar + and Ar2 + were made approximately equal. This meth­
odology gave a reproducible ratio of Ar + I Ar2 + . Then this 
ratio was studied under the kinetic energy release conditions 
as a function of trapping voltage. Neither the singly nor the 
doubly charged ions should have a significant amount of 
kinetic energy. In addition, single charge transfer of Ar2 + 
with Ar to produce Ar + which could possess significant 
kinetic energy has been observed to proceed with a very slow 
rate constant, k = 4x 10- 14 cm3 molecule-I S-I,13(g) 
making this process unimportant on the timescale of this 
experiment. Under these conditions, the ratio Ar + I Ar2 + 
should be independent of trapping voltage. However, as de­
picted in Fig. 5, this ratio does show a positive slope very 
similar to that observed in the kinetic energy release mea­
surements. Studies of the diffusional loss of nonreactive ions 
from trapping cells27 do not account for this voltage-depen­
dent, charge-dependent behavior. A tentative explanation 

1.0 ~"lP''!.' -- . aD ... .. ' 
0.8 . .. 

........ 
0.6 + 

.0 
Z 
'--" 
..... 0.4 

0.2 

0.0 

0.0 0.5 1.0 1.5 2.0 2.5 

V
trap 

1/2 

FIG. 3. Kinetic energy plot for Nb I (fraction ofNb • trapped as a function 
of V ~;:~) generated during the reaction of Nb2 

+ with benzene. 

1.0 

0.8 

........ 
+ 

" 0.6 .' 
::r! .. 
U 
'--" 0.4 ..... 

0.2 

0.0 

0.0 0.5 1.0 1.5 2.0 2.5 

V 1/2 

trap 

FIG. 4. Kinetic energy plot for CoH.+ (fraction ofCoH: trapped as a func­
tion of V::.zp ) generated during the reaction of Nb2+ with benzene. 

might be based on the spatial distribution of the singly 
charged vs doubly charged ions in the trapping cell and the 
extent to which those distributions and the associated signals 
produced are affected by space charge and trapping well 
depth. In any event, having effectively modeled this slope 
and demonstrated that it is not associated with the kinetic 
energy of the ions, we can confidently correct the data. 

A second striking aspect of the data is the fact that the 
fraction trapped extrapolates to zero at a positive value of 
V12. This positive x intercept has been noted in previous 
kinetic energy studies using ICR spectrometry28 and has 
been traced to surface charging of the trapping plates due to 
cell contamination, changing the effective trapping potential 
the ions experience. Extensive and regular cleaning of the 
trapping plates has been shown to reduce this problem; how­
ever, the most effective approach, and the one adopted in this 
and previous studies, is simply to shift the data to force the 
linearly decreasing portion of the plot through the origin. 

A final significant aspect of the data is the smoothness of 
the breaks in the plots. As discussed in the Experimental 

~ 

+ 
'j.. 
< 
~ 
~ 

+ r... 
.:'S 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

0.0 0.5 1.0 

V 1/2 
trap 

1.5 

FIG. S. [Ar+ ]I[Ar2
+ 1 as a function of V,':'~. 

2.0 2.5 
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section, a smooth break is usually indicative of a broad distri­
bution of kinetic energies in the product ions. However, a 
careful analysis ofthe derivation ofthe ion trapping criterion 
when applied to cubic cells explains this smooth curvature. 
Ions formed in a trapping cell readily relax to the center of 
the cell with respect to the z dimension through thermalizing 
collisions. Diffusional loss models show that this process is 
fast while the loss of ions out the sides of the cell is relatively 
slow, since the magnetic field constrains the ions in the xy 
plane. Therefore, the derivation described above in which all 
of the ions experience the same trapping voltage holds pro­
vided that the potential is essentially constant throughout 
the xy plane at z = 0, where x = y = z = 0 is defined as 
the center of the cell. However, solution of Laplace's equa­
tions for the ICR trapping cell shows that the electrostatic 
trapping well is actually quadrupolar in shape.29 In fact, ions 
relaxed to z = 0 and located at the center of the xy plane in a 
cubic trapping cell experience a trapping well depth that is 
only half that of ions relaxed to z = 0 and located at the 
edges of the xy plane in the cell, as depicted in Fig. 6. Clearly, 
if the ions are distributed throughout the cell, a deconvolu­
tion process must be used to account for this effect. 

This problem was not nearly as important in earlier ki­
netic energy studies by ICR for two reasons. First, rectangu­
lar cells ( 1 X 1 X 2) were used in those studies, and the trap­
ping well is nearly flat in a rectangular cell; the well depth in 
the center of the cell is 89% of that at the edges in x or y, as 
depicted in Fig. 7. Second, ions were generated by electron 
impact ionization in these studies using an electron beam 
which produced the majority of the ions in the center of the 
cell. Therefore, the ions were assumed to be localized in the 
center of the cell, and all were expected to experience the 
same trapping voltage. 

The complications introduced by our cubic cell are ob­
vious. In addition, our ions were generated by laser desorp­
tion, which probably distributes ions throughout the cell, 

--to 
_.-/ 

.-J 
c:: 
CD 

.-J 
0 

0-

FIG. 6. Quadrupolar electrostatic trapping well for a cubic (I X I X I) ICR 
cell. The magnetic field is oriented along the z axis. 

--

FIG. 7. Quadrupolar electrostatic trapping well for a rectangular 
( I X I X 2) ICR cell. The magnetic field is oriented along the z axis. 

producing a much greater spatial distribution in the cell than 
is expected from electron impact ionization. To account for 
these effects, we reasoned that, after thermalizing collisions, 
this broad distribution of ions in the cell would collapse to 
the xy plane at z = 0, producing a uniform distribution of 
ions across the x and y dimensions of the cell at z = O. 
Convolution of a single-valued kinetic energy release with 
the shape of the trapping potential predicted by Laplace's 
equations at z = 0 accounts for the smooth break in the 
kinetic energy plots without requiring a broad continuum of 
kinetic energy releases. 

Correction for the slope and intercept produces the data 
depicted in Figs. 8 and 9. In each case, the solid line is a 
single-valued kinetic energy release convoluted with the 

1.0 D 
DD 

D D 

0.8 

---- 0.6 + ..c 
Z 
'--' 
...... 0.4 

0.2 

0.0 

0.0 0.5 1.0 1.5 2.0 2.5 

V 1/2 
eff 

FIG. 8. Corrected kinetic energy plot for Nb+ (fraction ofNb+ trapped as 
a function of V!~2) generated during the reaction ofNb'+ with benzene. 
The solid line represents a single-valued kinetic energy (0.81 eV) convolut­
ed with the shape of the trapping well and fit to the experimental data. 
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trapping potential function and fit to the experimental data 
by least squares methods. Based on these fits, the kinetic 
energy ofNb + is assigned as 0.81 eV and the kinetic energy 
ofCc,H64 is assigned as 1.22 eV. Thus the total reaction ex­
othermicity channeled into product ion kinetic energy is 
2.03 eV. The total exothermicity of the reaction assuming 
thermal reactants is simply the difference in the ionization 
potentials of Nb + and C6 Ho' 5.08 eV. Given the measured 
kinetic energy and the calculated total exothermicity, the 
internal energy deposited in the products is calculated as 

IE(Nb+,CoH,,+) = IP(Nb+) - IP(CoHo) 

- KE(Nb+ ,CoH,,+) 

= 14.32 - 9.24 - 2.03 = 3.05 eV. 

The ionization potentials for Nb + and C6 Ho were obtained 
from Refs. 30 and 31, respectively. The results of the reac­
tion kinetics studies, kinetic energy release experiments, and 
curve-crossing analysis (vide infra) are summarized in Ta­
ble I. 

A thorough error analysis is difficult for the kinetic en­
ergy release studies, given the extensive data manipulation 
required to obtain the results. Certainly, the systematic error 

associated with the experiment and data correction, particu­
larly the error in the effective trapping voltage due to surface 
charging and any errors in our assumed spatial distribution 
of ions, outweighs the statistical error associated with mea­
suring the intensity ratios. The positive x intercepts are a 
good indicator of our uncertainty in the effective trapping 
voltage. Based on those measured intercepts, a liberal error 
bar of ± 0.25 e V is assigned to the kinetic energies measured 
above. In a very real sense, this substantial uncertainty 
makes the results of our analysis qualitative or semiquantita­
tive at best. However, despite this uncertainty, interesting 
conclusions about the mechanism of this single charge­
transfer reaction can be drawn based on the measured kinet­
ic energies. 

DISCUSSION 

Two straightforward points can be employed as a first 
order analysis of the measured kinetic energy releases. First, 
momentum conservation requires that the kinetic energies of 
the two product ions Ek,l and E k,2 are related by the expres­
sion 

where m 1 and m 2 are the respective masses of the first and 
second product ion. Based on the kinetic energy measured 
for Nb +, 0.81 ± 0.25 eV, a kinetic energy release of 
0.97 ± 0.30 eV is expected for CoH6+' The measured C6H6+ 
kinetic energy, 1.22 ± 0.25 eV shows reasonably good agree­
ment with this expected value. Therefore, the kinetic energy 
release measurements are consistent with momentum con­
servation. 

Second, the observed kinetic energies are supported by 
the chemistry. Reaction 3 is predicted to be exothermic by 

(3) 

~ 3.5 eV based on .:lHf(NbH +) = 330 kcal/mol calculat­
ed using a recent ion-beam determination of D(Nb +­
H) = 53 ± 3 kcal/moI2

(g) and supplemental thermochemi­
cal values.32 Furthermore, reaction 4 is expected to be 1.2 e V 

(4) 

exothermic. In fact, neither process is observed. Reaction 4 
would be driven by the recombination of Nb2 + to form 

TABLE I. Summary of reaction kinetics, energy partitioning, and curve-crossing results for the thermal single 
charge-transfer reaction ofNb'+ with benzene. 

Reaction rate, k 
Langevin rate, kL 

Reaction efficiency, k I k L 

2nd ionization potential (Nb) 
1st ionization potential (CoHo) 

Charge-transfer reaction exothermicity 
Kinetic energy, Nb+ 

Kinetic energy, CoHo' 
Total product kinetic energy 
Total product internal energy 

Calculated curve crossing 

l.4x 10-9 cm"' molecule-I S-I 
2.32X 10- 9 cm"' molecule-I S-I 

0.60 
14.32 eV 
9.24eV 
5.08 eV 

0.81 ± 0.25 eV 
1.22 ± 0.25 eV 
2.03 + 0.50 eV 
3.05 + 0.50 eV 

7.5 A 
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Nb+, but 2.03 ± 0.50 eV of this energy is partitioned into 
translational modes, effectively making reaction 4 endother­
mic. The situation can be envisioned in another way. As­
sume that charge transfer takes place and 2.03 ± 0.50 eV of 
the reaction exothermicity is partitioned to product ion 
translation. Even if all of the remaining energy, 3.05 ± 0.50 
eV, is deposited into C6H6+ internal modes, it is insufficient 
to access the benzene ion's lowest energy dissociation pro­
cess, reaction 5, which has an activation energy of3.8 eV.32 

(5) 

No CoHs+ is observed, so the chemistry supports the mea­
sured kinetic energy release values. 

A deeper analysis of the kinetic energy release measure­
ments raises some important questions. Gerlich has dis­
cussed the limitations of these ICR measurements in the 
context of his general model for the effects of target motion 
on kinetic energy measurements.33 He concludes that the 
ICR technique is unsuited for the study of product ion kinet­
ic energy in non thermal systems. We believe that our efforts 
to thermalize the Nb2 + population were successful as sup­
ported by the kinetics observed. Furthermore, Gerlich dem­
onstrates that for large kinetic energy releases, such as those 
determined in this study, the thermal distribution has little 
effect on the measured average kinetic energy; however, his 
results predict that energy resolution decreases with increas­
ing kinetic energy and sharp breaks are not expected for high 
kinetic energy releases. Of course, this system exhibits a 
smoothly changing break due to the effects of the quadrupo­
lar trapping well described above. But Gerlich's contention 
has an important consequence: At high kinetic energies, 
many kinetic energy distributions will fit the observedfvs 
~/2 data. Indeed, we fit a range of kinetic energies to our 
data with some success, but the best fits were always pro­
duced by a single-valued kinetic energy, and a single-valued 
kinetic energy is consistent with the mechanism we propose 
below. However, the possibility of a distribution of product 
kinetic energies clearly exists, especially when the high den­
sity oflow-Iying states for Nb2 + , Nb + , and C6H6+ is con sid­
ered.3o,34 

As mentioned above, much of the chemistry of doubly 
charged ions can be rationalized in terms of a simple curve­
crossing model. In particular, it has been applied successful­
ly to describe qualitatively the chemistry of Tf + 14 and 
Nb2 + 15 with small alkanes and to estimate the curve-cross­
ing distance in the Ar2 + -CO single charge-transfer system 
based on the measured kinetic energy release. II (e) 

Briefly, the model describes the doubly charged ion and 
neutral collision partner approaching on an ion-induced di­
pole curve, - aq2/2r4, where a is the polarizability of the 
neutral, q is the ion's charge, and r is the separation of the 
two species. At some critical distance, an electron is trans­
ferred from the neutral to the doubly charged ion generating 
two singly charged ions, which exit on a Coulombic repul­
sive curve i I r (Fig. 10). If the energy difference between 
the curves at infinite distance is known, the point at which 
the curves cross defines the critical distance at which elec­
tron transfer can take place. Curve-crossing distances of 
about 2 to 6 A have been observed to lead efficiently to 

4 
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FIG. 10. Potential energy curves for the Nb2 + -benzene charge-transfer 
reaction. The reactants approach on an attractive ion-induced dipole poten­
tial, -at/ /2;'. Long-distance electron transfer occurs at - 7.5 A, and the 
singly charged product ions exit on a repulsive Coulombic potential, t/ /r. 
The ground-state curves, which cross at - 3.9 A, are included for compari­
son. 

charge-transfer products. 13
(C) The total kinetic energy re­

leased in the Nb2+ -benzene charge-transfer reaction is con­
sistent with a curve-crossing distance of - 7.5 A. The uncer­
tainty in the total kinetic energy permits curve crossings as 
close as 6.2 A and as far away as 9.6 A. 

This model provides the basic framework for the full 
Landau-Zener treatment of curve-crossing probabilities.35 

Unfortunately, the utility of the full Landau-Zener treat­
ment is limited in this study for a number of reasons. Most 
notably, the Landau-Zener approach requires that the mix­
ing, H 12' of the crossing states be small with respect to the 
relative kinetic energy of the collision partners, and the low 
collision energies which are characteristic of thermal ion­
molecule reactions often violate this requirement. 13(q) Fur­
thermore, the model assumes s-orbital interactions and only 
applies for particular types of orbital coupling;13(o),36 given 
the extensive state density of transition metal ions it is un­
likely that these conditions are met in this system. In any 
case, it is quite improbable that the results of this study could 
be used with the Landau-Zener model to extract coupling 
parameters in light of the uncertainty in the measured kinet­
ic energies and the qualitative nature of the potential energy 
curves. 

However, some information on the curve-crossing prob­
ability can be obtained based on the kinetics data and this 
simple model. For a process such as reaction 6, the 

A++B--+A+B (6) 

curve-crossing model can be used to determine the probabili­
ty for neutralization during a collision. As the reactants ap­
proach the critical distance, the probability that no curve 
crossing occurs is P and the probability that crossing does 
occur is I - P. In either case, the species continue to ap­
proach until they reach their turning point and begin to 
move away from one another. If an overall change in surface 
is to take place, those pairs which crossed curves on the way 
in (probability I - P) must not cross on the exit channel 
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(probability P), and those which did not cross on the way in 
(probability P) must cross on the exit channel (probability 
I - P). Clearly, the overall probability for curve crossing 
during a single collision is 2P( I - P). This model limits the 
maximum efficiency of the curve-crossing process to 0.5. 37 

The doubly charged situation is somewhat different. If 
the curve crossing occurs on the entrance channel (probabil­
ity 1 - P), the ionic products immediately access a repulsive 
surface, and many of the resulting trajectories for the scat­
tered ionic products may not have an opportunity to sample 
the critical region a second time. The likelihood of sampling 
the critical region a second time under these circumstances 
will be very sensitive to the initial impact parameter. If, on 
the other hand, no crossing occurs on the way in (probability 
P), a net curve crossing is achieved only if a switchover takes 
place on the exit channel (probability 1 - P). So, the overall 
probability for curve crossing in the doubly charged system 
is given by an impact parameter dependent sum of the 
(I - P) case and the P( 1 - P) case. Thus, the reaction effi­
ciency in the doubly charged model is not necessarily limited 
to 0.5, in keeping with the relatively high efficiency, 0.60, 
observed in this system. 

The reaction kinetics and measured product ion kinetic 
energies permit a qualitative assessment of the charge-trans­
fer mechanism in this system. In general, charge-transfer 
processes have been discussed in terms of electron jumps 
with and without momentum transfer. 6

(d) Charge transfer 
proceeding by long-distance resonant electron transfer 
should proceed without momentum transfer in the case of a 
singly charged ion encountering a neutral partner. The reso­
nant mechanism is allowed when the neutral collision 
partner possesses an ionic state with an energy which is equal 
to the recombination energy of the ionic collision partner. 
The fact that significant kinetic excitation of the products is 
observed in some cases is direct evidence for non-resonant 
charge transfer proceeding through intimate collisions with 
momentum transfer. In either case, vibrational energy anal­
ysis ofthe product ion often shows non-Franck-Condon dis­
tributions, presumably because the neutral may be distorted 
by the field of the ion during the course of the thermal 
charge-transfer event. 

Single charge transfer during a collision between a dou­
bly charged ion and a neutral collision partner must produce 
ions with significant kinetic energies due to Coulombic re­
pulsion, even if the transfer proceeds in a long-distance "res­
onant" fashion. Thus, the charge-transfer reaction will pro­
ceed efficiently via a long-distance mechanism if the neutral 
collision partner possesses an ionic state with an energy 
equal to that liberated when the doubly charged ion picks up 
an electron less the kinetic energy of the products. 

Our results indicate that charge transfer in the Nb2 + -

benzene system proceeds by a curve crossing at ~ 7.5 A, 
generating product ions with a total of2.03 e V kinetic energy 
and depositing 3.05 eV into internal modes of the products. 
Examination of the photoelectron spectrum of benzene 
shows that the molecular ion's la2u excited electronic state is 
centered ~ 3 eV above its lelg ground electronic state. 34 The 
state immediately above the la2u is the 3e lu , which is ~4.6 
eV above the ground state. As the reactants approach on the 

ion-induced dipole curve, a curve crossing could take place 
to populate the 3e lu state of the benzene ion; however, this 
crossing would partition only about 0.5 eV into kinetic ener­
gy and would therefore have to occur at a critical distance of 
29 A based on the curve-crossing model. This distance is 
quite large, and it is likely that the orbital overlap at this 
distance is very poor, making charge transfer to populate 
this state an inefficient process. As the reactants continue 
along the attractive surface, they have another chance to 
cross at ~ 7.5 A and populate the la2u state of the benzene 
ion. Given that this situation is totally consistent with the 
energy partitioning observed, it is quite likely that this is the 
charge-transfer mechanism. In addition, the ground state of 
neutral benzene is a singlet, while the la2u state of the ion is a 
doublet. Since the ground state configurations of Nb2 + and 
Nb + are a6D and as D, respectively,30 the proposed charge­
transfer mechanism also conserves spin. 

Clearly, internal excitation of the Nb + product is also 
possible. However, it is quite likely that the electronic struc­
ture of the benzene ion dictates the charge-transfer dynam­
ics. This charge-transfer reaction is driven by the intense 
field associated with the doubly charged metal ion, which is 
similar to the fields responsible for ion formation in field 
ionization or photoionization of neutral benzene. 

CONCLUSIONS 

This study demonstrates, once again, that valuable in­
formation concerning thermal ion-molecule reactions, par­
ticularly charge-transfer reactions, can be obtained through 
the measurement of ion kinetic energies in an ICR spectrom­
eter. The reaction kinetics and product kinetic energies ob­
served in the single charge-transfer reaction of Nb2 + with 
benzene support a long-distance electron-transfer mecha­
nism resulting in significant product ion kinetic energies (to­
tal kinetic energy = 2.03 ± 0.50 eV) and popUlation of the 
la2u excited electronic state of C6H/ . 

Further advances in our knowledge of thermal ion-mol­
ecule chemical dynamics will depend on the development of 
rigorous models for the collision event. Clearly, thermal and 
near-thermal charge transfer is a very interesting process 
which warrants extensive additional study, both theoretical 
and experimental. 
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