
 
 
 
 
 
 
 
 

ABSTRACT 
 

Kinetics and Mechanistic Detail of Ni+ Assisted Organic Decomposition  
Reaction at Low Internal Energies 

 
Ivanna E. Laboren, Ph.D. 

 
Mentor: Darrin J. Bellert, Ph.D. 

 
 

 The unimolecular decomposition kinetics of jet-cooled cluster ions have been 

monitored over ranges of internal energies.  The clusters are formed by the combination 

of Ni cation with and organic ketone, aldehyde or ether molecules.  The internal energy 

delivered to the clusters is provided through laser photon absorption.  The quantum of 

photon energy approximates the total energy content of the reacting species as the 

clusters are jet cooled prior to photon absorption.  The interaction of the organic substrate 

with the transition metal cation lowers the kinetic barriers to the activation of -bonds.  

Thus the cation activates organic bonds and mediates the formation of products.  The 

unimolecular decomposition products in these studies are a stable neutral with the 

corresponding ion. 

 This dissertation will focus on the unimolecular decomposition kinetics of Ni+-

Butanone.  First order rate constants are acquired for the precursor ion dissociation into 

three product channels.  The temporal growth of each fragment ion is selectively 

monitored and yields similar valued rate constants.  The common-valued rate constants, 

comparisons to earlier studies, and the results of DFT calculations reveal the dissociation 



dynamics.  This unimolecular decomposition reaction is proposed to proceed along two 

parallel reaction coordinates that originate with the rate-limiting Ni+ oxidative addition 

into either the OC-CH3 or OC-C2H5 σ-bond in the butanone molecule.  Rate constant 

values for the activation of both bonds are determined.  
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CHAPTER ONE 
 

Introduction 
 
 

The Study of Transition Metal Ion/Organic Reactions in the Gas Phase  
 

 The study of transition metal ion organic reactions in the gas phase has been an 

active research topic for the last 40 years.1-8  The interest arises because gas phase studies 

offer the opportunity to know the intrinsic properties and reactivity of the organometallic 

species.  These investigations offer valuable hints to reaction mechanisms for important 

processes in the condensed phase, and provide detail to bond activation which is of 

fundamental interest to catalytic processes.  In particular, knowledge of the crucial steps 

and a complete characterization of possible intermediates are necessary to achieve a 

mechanistic understanding of the reaction coordinate.  Such detailed knowledge may 

improve the selectivity and efficiency of catalysts,6, 8 as well as contribute to the 

exploitation of natural gases and fuel feedstocks. 5 

 The transition metal ability to activate the C-H and C-C -bonds of many organic 

molecules has been attributed to their valence electron configuration, specifically the high 

density of low lying excited states.9  Bare (“naked”) transition metals assist in the organic 

decomposition reactions by lowering the energy associated with metal-mediated bond 

activation.  This ability may be conceptualized by considering the atomic orbital structure 

of a transition metal cation and applying this to simple molecular orbital theory.  The C-

C/C-H -bond activation can be attributed to the transfer of electron density between the 

atomic orbitals of the transition metal and the molecular orbitals of the organic molecule. 

For first row transition metal, the acceptor orbital is primarily 4s and the donor is the 3d 
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orbital (with the appropriated symmetry).10  Thus, the electron density transfer occurs 

from C-C/C-H -bond to anti-bonding 3d and empty 4s orbitals on the metal and the 

strong back-donation of 3d lone-paired electrons of Ni+ to the anti-bonding orbital of the 

C-C/C-H -bond.  This orbital interaction leads to the weakening of the -bond making 

the insertion of the metal into the organic bond possible.  Migration of a hydrogen or 

other functional group follows bond activation to yield formation of products.2, 3   

 
Instrumental Techniques 

 A major advantage of gas phase experiments is the absence of solvent interactions 

and other ‘bulk’ effects.5, 7  This permits the elucidation of the intrinsic properties of 

isolated molecules under well-defined conditions.  Additionally, if the gas-phase 

organometallic species is electrically charged, control over the particles of interest may 

be exacted. The ability to mass select a single species, and identify reaction products 

makes mass spectrometry an effective tool for gas phase metal ion/organic 

investigations.5, 7, 11 

 The primary instrumental techniques employed to study metal ion /organic 

reactions in the gas phase have been: ion cyclotron resonance (ICR), ion beam 

experiments in tandem mass spectrometer, and techniques that monitor kinetic energy 

release distributions (KERDs).5, 8, 12  The components common to the instrumentation 

capable of such studies are: an ion source, a mass separator, a reaction chamber, and a 

second mass separator.  In general, the species of interest is generated in the ion source.  

Then, precursor ions are mass selected and transformed into products by unimolecular 

processes or photon absorption.  Finally, fragment ions are mass analyzed and detected. 

A short description of each technique is provided. 
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Ion Cyclotron Resonance (ICR) Mass Spectrometry 
 
 The ICR mass spectrometry technique was used in early gas phase organometallic 

studies.1, 13  It is based on the classical motion of a charged particle confined to crossed 

magnetic and electric fields.14,15  This uniform magnetic field constrains the ions motion 

into a circular orbit (normal to the magnetic field) in which the angular frequency is the 

cyclotron frequency.  This cyclotron motion of an ion can be excited to a larger orbital 

radius by applying a transverse alternating electric field whose frequency matches the 

cyclotron frequency of the ion.13  The advantage is that the trapped particle can be excited 

to a very large kinetic energy by only a modest electric field.  The signal is detected as an 

image current induced on a pair of plates as the ion packets pass close in their cyclotron 

orbit.16  

 A unique feature of the ICR is the double resonance experiment, which connects 

products and precursors in an ion-molecule system.13  Here   primary, secondary, tertiary, 

etc. reactions can be unambiguously determined.5  There are two ways to conduct the 

experiment which results in different information.  It is possible to either obtain all the 

products ions that are generated by a specific precursor ion or, to find all the reactants 

that yield a specific product.  The Fourier transform (FTICR) variant of ICR is based on 

the same principles however with improved mass and increased mass range.16  The 

resulting cyclotron frequency, by which the ions are circling, is dependent on the mass-

to-charge ratio.  The superposition of all frequencies is subjected to a Fourier 

transformation to obtain the mass spectrum.  

 Collision induced dissociation (CID) is the most common method to initiate 

transition metal ion /organic reactions.  Here, a specific precursor ion is accelerated into a 
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static gas target to produce the fragments.  This method was used by Freiser and 

coworkers to study the reaction of transition metal ions with various organic molecules. 

Their first experiments were performed using double resonance ICR17, 18 but later 

improved to FTICR.19-22  His research focused on reactions between the first row of 

transition metal cations (mainly Fe, Ni, Co, Cu) with ketones,17-19 esters,17 ethers,18 and 

aliphatic and cyclic hydrocarbons.19-22  In some studies, the ligands were isotopically 

labeled and these product distributions ultimately lead to proposed reaction 

mechanisms.17-21 

 
Ion Beam Tandem Mass Spectrometry 
 
 Ion-beam instruments have also been developed for the study of organometallic 

ion-molecule processes.23  These experiments are performed in guided ion beam tandem 

mass spectrometers.  These are designed to measure the energy dependencies of reactions 

between mass selected ions and static gas sample at ambient temperature.  Thus, the ions 

are generated and accelerated to a known kinetic energy and redirected to collide with a 

neutral gas.  Single collision conditions are ensured by maintaining a sufficiently low 

pressure.12  The product ions are then detected and mass analyzed.  A disadvantage of this 

technique is that precursor ions coming from the source are not well thermalized resulting 

in ions with considerable internal excitation.4 

 Armentrout and Beauchamp were the pioneers of this technique.24-37  Their 

research includes studies of the first row transition metals with alkanes,30-35 aldehydes and 

ketones,36 and ethers37 to name a few.  These experiments yield reaction cross sections 

and product distributions as a function of relative kinetic energy, primarily, 

characterizing endothermic reactions.  Their results mainly provided thermodynamic 
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information, and specifically bond dissociation energies (BDE).  Armentrout and his 

group improved Beauchamp’s technique by introducing an octopole ion guide.38  This 

provided more efficient product collection and enhanced sensitivity.  With this advantage 

their studies focused on the interactions of transition metals with a wide variety of 

covalently and noncovalently bound ligands.  The thermodynamic quantities determined 

by this effort currently form a solid database for the thermochemistry of gaseous metal 

ions.28, 39 

 Schwarz and his group also employed FTICR40-44 and tandem mass 

spectrometry43-54 to study transition metal ion /organic reactions.  Their research focused 

on the first row of transition metals reacting with hydrocarbons,44-49 ketones,41, 51 and 

nitriles.40, 49, 50  In some cases the combined experimental results were supported with 

theoretical calculations 43, 55 and mechanisms were proposed by these combined results.  

 
Kinetic Energy Release Distribution (KERDs) 
 
 The third major technique used to study transition metal organic reactions is 

through measurement of kinetic energy release distributions (KERDs).8  This technique is 

based on the formation of metastable ions.  These experiments are carried out in double 

focusing mass spectrometers, consisting of magnetic and electric sectors.56  Typically, 

ions are generated in the source and mass-selected by the magnetic sector.  Then, 

metastable ions are transferred to a field free region where the unimolecular 

decomposition reaction is studied by scanning the potential difference applied to a sector.  

Thus, the kinetic energies of precursor and resultant fragment are determined as the 

unimolecular decay is monitored.  This information can reveal details about the potential 

energy surface over which the dissociation occurs.57  Therefore, the combination of 
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KERDs with theoretical support and other techniques are used to probe energetic and 

mechanistic details of gas phase organometallic reactions.57-64  

 Bower and his group dedicated almost 10 years of research, studying transition 

metal ions reacting with alkanes,57-61 alkenes62, 63 and ketones.64  From their results they 

can extract the overall reaction thermochemistry and product ion heats of formation.58  

The shape of the kinetic energy release distribution and the maximum kinetic energy 

release suggest aspects of the potential energy surface.58  The information acquired by 

this technique can suggest the rate limiting step in the reaction coordinate that connects 

reactants to products.64  Advantages of this method is the precision, reproducibility, and 

sensitivity; however the energy content of the metastable ions is not well defined. 

 
Time-of-Flight Mass Spectrometry 
 
 Our group has developed a novel technique that combines mass spectrometry with 

the supersonic expansion technique.  The instrumentation consists of a large supersonic 

source chamber connected to a custom time-of-flight (TOF) mass spectrometer with a 

kinetic energy analyzer (or sector).  Here, metal organic ionic clusters are formed in a jet-

cooled, supersonic expansion with minimal amounts of internal energy.  The precursor 

ions are then mass analyzed and detected in the TOF.  To measure the unimolecular 

decay of a precursor ion, cations within the molecular beam absorb a quantum of photon 

energy and decay within the field free region of the TOF.  The absorbed energy 

represents the amount of internal energy available for reaction.  If this energy is in excess 

of the activation requirements, precursor ions dissociate into fragments.  The resulting 

fragment ions are detected by selective transmission through the sector.  Thus, this 
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experiment directly measures the kinetic parameters associated with organic bond 

dissociation activated by transition metal ions.   

 This research acquires the rate constants of transition metal ion assisted organic 

bond cleavage reactions.  This information, together with other results, enables us to 

suggest the mechanistic detail of the reaction potential energy surfaces.  This technique 

has been successfully applied to study the Ni+ assisted dissociative reactions of various 

organic molecules.  Reaction rate constants have been acquired over ranges of internal 

energies for various systems.  Specifically, we have measured the decomposition kinetics 

of Ni+ activated C-C/C-H σ-bonds in ketones65-67 and aldehydes.68  Additionally, we have 

done preliminary experiments to study the C-O -bond activation of ethers by gaseous 

Ni+.  Again, these studies provided the rate-limiting rate constant for the Ni+ assisted 

decomposition of organic molecules.  This research can directly measure the energy of 

activation68 necessary to cleave organic σ-bonds or place limits on activation energies.65-67  

The primary advantage of this technique, when compared with those previously 

mentioned, is that the reacting species are binary pairs bound as a cold, ionic cluster.  

Therefore, each bonding partner, within the cluster, retains its independent identity.  In 

consequence, the photon energy absorbed by the binary cluster approximates the internal 

energy of the ion cluster. 

 
Computational Studies 

 
 The relationship between experiments and computational studies has improved in 

the last 15 years, because together they provide fundamental insights into the structures, 

properties, and reactivities of molecules.69, 70  Theory and experiment complement each 

other because both are used to establish the accuracy of the calculated and measured 



8 
 

results.  Additionally, this collaboration suggests the design of new experiments and 

calculations.69  Therefore, this unified picture obtained by experimental results and 

theoretical calculations could help understand (and predict) structural and reactivity 

trends with no limitations along the periodic table. 

 Computational studies have now proven to be an essential tool to explore reaction 

mechanisms and thermodynamic properties.70, 71  Although density functional theory 

(DFT) calculations may underestimate weak bonding interactions, such as van der Waals 

interactions, they generally give better and more reliable descriptions of the geometries 

and relative energies for transition-metal systems compared to other computational 

methods.  Thus, DFT has become a reliable method to study organometallic reactivity.  In 

particular, the new generation of gradient-corrected DFT methods (B3LYP and B3P86),71 

have become the most efficient and accurate computations in studies of transition-metal 

reactions.  This is especially true when treating large systems and clusters containing first 

row transition metals.  Together, DFT methods with the increase in computing power, has 

modeled systems and acquired results in agreement with the experiments. 

 There are two important steps in the theoretical treatment of transition metal ion/ 

organic reactions: geometry optimization and calculation of the energy at the optimized 

geometry.71  The geometry optimization of reactants, intermediates, and products 

involves minimization of the energy with respect to each independent geometrical 

parameter, while a corresponding treatment of a transition state (TS) seeks a saddle point 

on the potential energy surface (PES).  The nature of stationary points on the potential 

energy surface can be characterized by the number of imaginary frequencies: zero for a 

minimum, one for a TS (first-order saddle point), and two or more (x) for a “maximum” 
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(x-order saddle point).  After the species geometry is optimized, relative energies can be 

obtained by a series of energy corrections, which include zero point energy (ZPE) 

corrections.71  A transition state energy is the activation barrier, and thus the electronic 

structure calculation of the TS provides detail of the reaction mechanism in terms of 

bonds that are broken and made.72  In such fashion calculations contribute to the 

discovery of new mechanistic pathways for transition metal reactions. 

 The metal ion organic reactions studied in our group make the clusters ideal 

candidates for computational investigations.  This is mainly because our systems are 

large enough to be chemically relevant, yet small enough to be theoretically tactile.  

Additionally, the energy resolution of our novel approach leads to high quality 

benchmark results that will verify theoretical predictions.  Recently, we have applied 

theoretical calculations to both support and predict our experimental results.  The 

Gaussian 03 program73 suite and searches for the local minima structures that occur along 

the reaction coordinate.  The combination of our theoretical calculations and 

experimental results provide a powerful tool to study the mechanistic detail of transition 

metal ion organic reactions. 
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CHAPTER TWO 
 

Experimental Section 
 
 

Generation and Detection of Metal Ion /Organic Clusters  
 

 A custom instrument is used in the kinetic studies presented here and is shown in 

Figure 1. In general, a large supersonic source chamber is connected to a custom time of 

flight mass spectrometer (TOFMS).  Metal/organic ions generated in the source are mass 

analyzed and detected in the custom TOF located orthogonal to the expansion axis.  

Pulsed laser beams can enter the vacuum apparatus from a variety of viewports and the 

location of the laser entrance dictates the type of experiment performed.  

Specifically, the supersonic source chamber is a 120 L stainless steel vacuum 

chamber supported by a 400 mm diffusion pump backed by a mechanical pump (base 

pressures ~ 3 x 10-7 Torr).  The rod/pulse valve assembly is centrally located in this main 

vacuum chamber.  An external motor couples motion into the vacuum chamber and 

rotates a ¼-inch solid metal rod at a rate of 1.1 rpm.  The rotational motion is defined by 

high precision bearing rings press fit into an open configuration stainless steel source 

block.  A high pressure gas line, containing a removable reservoir, is coupled into the 

vacuum chamber and connects to the source block through a Parker-Hannifin series 9 

General Valve.  Various organic liquids can be placed in this reservoir doping the helium 

carrier gas with the vapor pressure of the organic.  

Metal/organic ionic clusters are generated in the expansion chamber.  

Momentarily opening the solenoid valve allows high pressure (~100 psi) helium gas, 

doped with the organic vapor, to supersonically expand into the vacuum chamber.  As the 
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 The expanding plume traverses ~80 cm through field free space and is skimmed 

twice through custom-built conical collimators, allowing only the center portion of the 

molecular beam to enter the TOFMS.  The TOFMS is independently evacuated by two L-

N2 trapped diffusion pumps each backed by a mechanical pump. The diffusion pumps 

maintain the base pressure around 3 x 10-8 Torr.  The collimated beam enters between 

parallel capacitor plates of a Wiley-McLaren,74 pulsed orthogonal accelerator (OA) 

located at the entrance of the TOFMS.  As the densest portion of the ion packet enters, 

the OA is pulsed from ground potential to +1.75 kV.  The common kinetic energy 

imparted to the ions permits mass separation through the 1.8 meter field free flight of the 

TOFMS.  The separated ion packets enter a voltage controlled  hemispherical, kinetic 

energy analyzer (or sector).  The sector is custom fabricated from 316 stainless steel and 

is supported within the TOFMS vacuum apparatus (it is bolted onto one of the flanges in 

the terminal five-cross, Figure 1).  The entrance into the sector is located along the center 

line of the flight tube and contains a thru-hole, allowing laser radiation to pass co-linear, 

but counter-propagating to, the ion beam direction.  The potential difference across the 

halves of the sector can be selected to transmit the full kinetic energy of the ion beam, 

thus allowing the different ionic species produced in the expansion to strike a Chevron 

microchannel plate detector (MCP) located at the sector’s terminus.  Precursor mass 

spectra can then be acquired and analyzed, determining the identity of the clusters and 

optimizing their intensity within the beam. 

 Figure 2 shows a clean Ni+-Acetone (Ni+(Ac)) precursor mass spectrum65 where 

both one and two acetone molecules cluster onto a single Ni+ cation.  The other peaks in 
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that of the neutral.  The higher frequency modes are less likely to be populated at the 

reduced temperatures of the expansion.65  

 Under supersonic conditions, molecules cool after expanding from a high-

pressure source to an area of low pressure.  The expansion nozzle configuration controls 

the number of collisions.75-79  Furthermore, collisions convert the internal energy 

(vibrational, rotational, and electronic degrees of freedom) of the gas molecules into 

directed mass flow.  As the expansion develops, the collision frequency drops to such low 

levels that no further cooling can occur.  Under this collision-free environment, 

assumptions of equilibrium are no longer valid and temperatures associated with the 

various modes of motion can be independently specified.  The translational temperature 

can be estimated in terms of the ion velocity distribution within the beam.  

Experimentally, this is accomplished by monitoring the ion arrival time to the 

acceleration grid and minimizing the distribution of flight times.  We define the ion 

velocity as the distance that the ions travel (∼80 cm between the center of the OA and the 

source) relative to the difference in trigger pulses between the OA and excimer 

vaporization laser.  Thus, estimates of travel time and displacement provide a measure of 

the parallel velocity component of the precursor ions in the supersonic expanding beam.  

This value is only an apparent velocity as no effort is made to determine the actual fire 

time of the pulsed equipment; however, this is of no consequence as the temperature is 

approximated from the distribution of ion velocities within the gas pulse and not the 

absolute velocities.  

Figure 3 presents the velocity distribution of Ni+(Ac) cluster within the jet cooled 

beam.  The velocity distribution is generated by integrating the intensity of the mass peak 
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(58Ni+(Ac)) during the timing scan.  The flight time distribution is acquired by scanning 

the vaporization laser and the valve trigger pulse with a fixed delay difference.  Source 

conditions are optimized to produce the narrowest, most symmetric precursor ion velocity 

distribution.  During the scan, the optimized source conditions (e.g., excimer and pulse 

valve fire commands, excimer pulse fluence, backing pressure, etc.) are held constant.  

 

 
 
Figure 3.  Apparent velocity distribution for the Ni+(Ac) precursor complex ion.  Source 
conditions are optimized to minimize the width of this distribution.  This minimizes the 
internal temperature of the ions within the beam.  Under these conditions, the precursor 
complex ions travel at Mach 70. 
 
 

The solid curve through the points of Figure 3 is obtained by fitting the 

experimental data to the velocity distribution for a collimated supersonic beam78, 80, 81 

 

                                     (2.1) 

where T is the local temperature,  is the average parallel velocity component of the ions 

within the expansion, N is a normalization constant such that the integral of the function 
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over all space equals unity, and m is the weighted mass of the carrier gas (estimated to be 

95% helium + 5% vapor).  The only variable parameter in eq 2.1 is the local temperature, 

T, which optimizes at values less than a single Kelvin.  Temperatures of supersonic 

expansions are typically recorded as Mach numbers.  The Mach number (M) is the ratio 

of the average flow velocity to the local speed of sound within the expanding gas and can 

be determined from the temperatures obtained from eq 2.1.78  The Mach number 

indicated in Figure 3 is calculated from eq 2.2, 

                                                            (2.2) 

where Tr is the gas reservoir temperature (300 K) and γ is the ratio of the heat capacities 

for a 5/95 mixture of acetone vapor in helium.  The precursor ions travel at Mach 70, this 

number is not beyond the coldest supersonic expansions observed,76 but demonstrates the 

substantial cooling that occurs under optimal experimental conditions.  It is noteworthy 

that the  observed for Ni+(Ac) of 1.575 x 103 m/s approaches the terminal velocity limit 

of a pure helium, supersonic expansion (1.77 x 103 m/s). 

 
Photodissociation Studies 

 
 Laser induced dissociation experiments are performed to determine the possible 

fragment ions within an optimized molecular beam.65, 66, 68  This is accomplished by 

guiding laser radiation into the vacuum apparatus through different viewports.  The laser 

radiation can intersect the ions either along the expansion axis or along the TOF axis.  

This enables the conduction of two types of photodissociation experiments: photolysis 

and reactive decay.  Photolysis is a fast process where dissociation occurs by photon 

absorption.  Reactive decay is a slow chemical reaction initiated by photon absorption.  
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The dissociation resulting from this process involves broken bonds and atomic 

rearrangement; in consequence, it is slower than photolysis. 

 Dissociation of precursor ions result in charged fragment ions that transmit 

through the sector at different characteristic voltage settings.  Although the dissociation 

event does not significantly affect the fragment’s velocity, the transmission voltage 

changes due to the change in the mass of the fragment ion.  The identity of the ionic 

fragments can be determined from the potential applied across the two sections of the 

kinetic energy analyzer according to the following relationship: 

x                                             (2.3) 

where SV is the sector voltage, m is the mass and the subscript represents precursor and 

fragment. 

Figure 4 shows such a fragment ion transmission profile resulting from the laser 

induced dissociation of the Ni+(Ac) precursor ion.  Experimentally, photolysis is 

performed by guiding radiation from a pulsed Nd:YAG laser into the vacuum apparatus 

through a viewport along the TOF axis, intersecting the molecular beam before entering 

the sector. Here, intense 3rd harmonic laser radiation (20 mJ/pulse; 28200 cm-1) is timed 

to overlap the Ni+(Ac) precursor ion five microsecond before entrance into the sector.  

The precursor dissociates into various charged fragments, which transmit through the 

sector at their characteristic voltages.  The dissociative products observed in high yield 

are Ni+ and Ni+CO.  The shoulders observed at ~ 365 V and ~ 530 V are due to the 60Ni 

isotope of each fragment ion.  Although such preliminary experiments determine the 

identity of precursor ions in the beam, measuring the unimolecular decay kinetics is not 

possible with this arrangement.  Since it is impossible to separate fragments generated by 



18 
 

a multiphoton absorption events from those generated through single photon absorption.  

In fact, each intense fragment ion peak observed in Figure 4 is accentuated by 

multiphoton absorption. 

 

 
 
Figure 4.  Sector voltage scans. Products resulting from the high-fluence photolysis of 
Ni+(Ac) isomers as the ions approach the sector.  
 
 

The fragment ion transmission profile resulting from the reactive decay has been 

acquired prior to right angle extraction and mass separation within the TOF.  Thus, 

fragments result from the relatively slow, single photon absorption of precursor ions.  

Reactive decay is accomplished by guiding laser radiation from the YAG pumped, dye 

laser into the vacuum apparatus through a viewport along the supersonic expansion axis.  

The laser radiation travels through the OA and is overlapped with the counter 

propagating molecular beam.  The ionic molecules within the beam absorb the radiation 

and decay to produce fragment ions.  This occurs as the molecular beam approaches the 

OA.  All fragment ions produced in the expanse between photon absorption and the OA 
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receive the same (full) kinetic energy imparted to the precursor ions during right angle 

extraction.  These “early” fragment ions are indistinguishable from the precursor beam 

and are therefore not selectively sampled.  Only those precursor ions that decay within 

the field free flight of the TOF produce fragment ions that can be detected through 

selective transmission through the sector.  Figure 5 results from the Ni+(Ac) absorption of 

~40 mJ/pulse of 16000 cm-1 laser radiation  and occurs ~ 3 microseconds prior to 

precursor entrance into the OA.  The two dissociative products observed in high yield are 

Ni+ and Ni+CO.  The shoulders observed at ~ 360 V and ~ 525 V are due to the 60Ni 

isotope of each fragment ion.  These fragments result from the relatively slow, reactive 

decay of the Ni+(Ac) cluster.  

 

 
 
Figure 5.  Sector voltage scans.  Products resulting from the photon initiated, reactive 
decomposition of the Ni+(Ac) precursor ion. 
 
 
 Experimentally, Figure 4 and 5 represent two different experiments: photolysis 

and reactive decay respectively.  These result in the same fragment ion with different 
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fragment intensities.  Figure 4 is dominated by loss of Ni+ but also shows a contribution 

from Ni+CO.  These suggest that there are two precursor geometries present in the beam 

at significant concentration.  Figure 5 presents the fragment yield resulting from the 

photon initiated, Ni+ assisted, reactive decay of acetone.  Here, there is a relative small 

transmission of Ni+ when photoabsorption occurs prior to right angle extraction in the 

OA.  This suggests that formation of Ni+ results from fast photolysis of the precursor ion. 

 
Enhanced Waveform Fragment Intensity 

 
This study, directly measures the fragment formation waveform resulting from the 

unimolecular decay of ion/molecule dissociative reactions.  Figure 6 shows a fragment 

production waveform measured for the Ni+ assisted decomposition of acetone into Ni+CO 

+ C2H6.  Here, the precursor Ni+(Ac) absorbs a photon with energy equal to 18000 cm-1 

(555 nm), thus initiating the dissociative reaction.  Unimolecular decomposition is a first-

order process, thus the excited ions experience decay with the precursor concentration 

developing in time in accord with eq 2.4  

                                        (2.4) 

 As the signal is carried by only those dissociating events that occur between the 

OA and sector, the exponential waveform of eq 2.4 is effectively integrated between 

these limits.  The following quantities are defined: 

:   The time that the ions just exit the OA and the integration time begins.  

:   The time that the ions enter the electric field of the sector.  This marks 

the end of the integration time. 

∆ 	 :   The time of field free flight within the TOF. 
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:   The temporal displacement of the ions from the OA at the time of 

photoabsorption.  This represents the decay that is lost (not sampled) during 

the ions flight to the OA.  This is most conveniently defined as negative time 

values and time = zero represents the coincident firing of the dye laser and 

OA. 

 

 
 
Figure 6.  Enhanced product waveform profile resulting from the unimolecular 
dissociative reaction of Ni+(Ac) into Ni+CO + C2H6.  Intensity of Ni+CO fragment signal 
resulting from the precursor Ni+(Ac) absorption of laser radiation with photon energy = 
18000 cm-1. 
 
 
 The dissociation laser is timed to intersect the molecular beam at continually 

smaller (more negative) values of τ.  The resulting exponential decay that occurs within 

the TOF is sampled and plotted as a single point, , given by: 
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1 1
∆                                     (2.5) 

Grouping the constants from eq 2.5 into α 

∆
                                                     (2.6) 

and substituting 1.5	  (the time required for the ions to traverse the OA) results 

in eq 2.7 

.                                             (2.7) 

Thus, the unimolecular reaction rate constant can be extracted from a plot of the natural 

logarithm of  versus τ.  A benefit to this technique is that our TOF serves two purposes, 

it separates different precursor ions in time and it functions as a signal integrator in 

accord with eqs 2.5 – 2.7.  Compare eqs 2.4 and 2.7, both equations have the same 

exponential form; however, the preexponential factor is multiplied by the term in 

parentheses in eq 2.7.  In fact, taking the ratio of eq 2.7 to eq 2.4, suggests that the signal 

acquired here ( ) is amplified by this parenthetical term relative to the signal acquired 

without integration (At). 

 Figure 7 is a graphical representation of the enhanced signal associated with 

monitoring unimolecular decay with rate constant equal to 5 x 104 s-1 (0.05 s-1).  The 

shaded portion of the three graphs indicates the integrated area from eq 2.5 which are 

plotted as points in the graph at the bottom.  Under the conditions implied in the figure, 

the signal enhancement is 17.2 time.  
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dissociates within the field of the OA will not be detected.  Thus, fast 2-photon 

dissociation processes or single photon photolysis provides minimal contamination to the 

fragment yield even at the high, pulsed laser fluence typically employed in these studies. 

Figure 8 presents a fragment production waveform typical to these studies.65  

Here, Ni+(Ac) absorbs 18000 cm-1 of photon energy, and dissociates into Ni+CO + C2H6.  

In the bottom panel, the majority of the fragment waveform is well-described by the 

exponential character of eq 2.7.  This waveform is acquired by scanning the time delay 

between the triggering pulses to fire the dye laser and the orthogonal accelerator.  The left 

ordinate axis of Figure 8 is the relative amount of detected fragment Ni+CO.  Negative 

values of time (time axis) indicates the temporal displacement of the precursor ions from 

the OA following photon absorption.  Experimentally, the triggering of the pump laser is 

delayed from time zero; thus dye laser radiation intersects the molecular beam at 

continually greater distances from the OA.  This allows time for the precursor ions to 

dissociate into undetectable fragments before pulsed orthogonal extraction.  We therefore 

observe the exponential growth of fragment ions that initiate at negative times and 

terminate at time zero.  Fragments produced at positive values of time result from 

collision-induced dissociation of the precursor ions.  Sampling fragment ion production 

throughout the entire length of the TOF-MS effectively integrates the observed signals 

over the 38-μs field free flight.  This significantly enhances the acquired product ion 

intensities.  

The top trace plots the natural logarithm of the integrated intensity as a function 

of time τ (eq 2.7).  The linear portion of the decay profile was fit to a straight line and the 

rate constant (k(E)) was extracted from the slope through linear regression analysis.  The 
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rate constant k = (0.97 + 0.03) x 104 s-1 at internal energy = 18000 cm-1 is provide in the 

figure.  The regression constants are used to construct the solid curve through the 

observed points in the trace.  Each point in the figure represents the average of 100 

experiments or 10 s of data acquisition. 

 

 
 
Figure 8.  Enhanced product waveform profile resulting from the unimolecular 
dissociative reaction of Ni+(A)c into Ni+CO + C2H6.  The bottom panel plots the intensity 
of Ni+CO fragment signal resulting from the precursor Ni+(Ac) absorption of laser 
radiation with photon energy = 18000 cm-1.  The top panel plots the natural logarithm of 
the intensity vs time.  The rate constant is extracted from the slope of the linear portion of 
the waveform and is presented in the figure as well as the photon energy used to initiate 
the dissociation reaction. 
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CHAPTER THREE 
 

A Kinetic and Dynamic Study of Transition Metal Assisted C-C and C-H Bond 
Activation at Low Internal Energies 

 
This chapter reproduced in part with permission from: 

 
 Castleberry, V. A.; Dee, S. J.; Villarroel, O. J.; Laboren, I. E.; Frey, S. E.; Bellert, 

D. J. J Phys Chem A 2009, 113, 10417-10424.  
 

 Dee, S. J.; Castleberry, V. A.; Villarroel, O. J.; Laboren, I. E.; Frey, S. E.; Ashley, 
D.; Bellert, D. J. J Phys Chem A 2009, 113, 14074-14080. 
 

 Dee, S. J.; Castleberry, V. A.; Villarroel, O. J.; Laboren, I. E.; Bellert, D. J. J Phys 
Chem A 2010, 114, 1783-1789.  

 
 

Low Energy Unimolecular Reaction Rate Constants for the Ni+ Assisted Decomposition 
of the Acetone Molecule and its Deuterium Labeled Isotope 

 
 

Introduction 
 
Transition metals catalyzing organic bond fragmentation reactions in the gas 

phase have been studied.3, 4, 6, 7, 82-85  One of the objectives has been to understand the 

energy lowering associated with metal-mediated bond activation within organic 

molecules.  Specifically, the research has focused on the energetic requirements, 

dynamics, and mechanisms of catalytic styled reactions.  The early studies focused on the 

reactivity of bare metal ions with simple molecules and small hydrocarbons.5  The 

research area has rapidly expanded to study the interaction of transition metal ions with 

more complex ligands and molecules of biological interest.5, 7, 11 

Ion cyclotron resonance (ICR), 17, 21, 22, 41, 51, 86, 87 guided ion beam tandem mass 

spectrometers,33, 34, 49, 86 and kinetic energy release distribution (KERDs) 57, 60, 61, 64, 88 are 

techniques used to study transition metal/organic reactions.  Freiser and co-workers,18 
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using ICR, probed ion/molecule reaction products.  They proposed mechanisms and 

thermodynamic energies associated with the reaction of Fe+ with ketones and ethers.  

Beauchamp and co-workers,36 measured the collision induced dissociation (CID) cross 

sections of the Co+ reactions with ketones and aldehydes.  They determined the reaction 

thermochemistry and suggested reaction mechanisms.  Often, some or all of the hydrogen 

atoms in the organic molecule had been deuterium labeled to provide mechanistic 

information.  Bowers et al.64 measured KERDs of Fe+, Co+, and Ni+ reacting with 

acetone.  Their results suggested that C-C σ-bond activation was the rate-limiting step in 

the reaction coordinate.  They also reported the bond energies for M+-CO and M+-C2H6. 

Theoretical calculations using DFT have also been applied to M+ assisted 

dissociation of ketones and aldehydes.71, 89-94  Specifically, the nickel acetone system has 

been studied by Guo and coworkers.91  They calculated the potential energy surface and 

proposed a Ni+ acetone reaction mechanism.  Figure 9 represents a scheme of the reaction 

coordinate proposed by DFT calculations.91  Mechanisms similar to this scheme have 

been presented before to describe the interaction of gaseous Fe+, Ni+, and Co+ with 

acetone.64  It begins with the Ni+-OC(CH3)2 dipole bound encounter complex. After 

absorption of a visible laser photon, the cluster has sufficient energy to overcome an 

activation barrier, forming transition state one (TS1). This places the Ni+ cation in close 

proximity to a C-C σ-bond of acetone.  The first intermediate, (I1), represents the Ni+-

inserted complex.  As the reaction progresses to product, the second intermediate (I2) is 

formed after transitioning through the three bonded Ni+ cation (TS2).  The second 

intermediate, I2 along the reaction coordinate is an ethane molecule electrostatically 

bound to a Ni+CO complex ion.  The final step in the mechanism is the release of product 
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strongly suggests that methyl migration is the rate-limiting step in product formation, in 

agreement with the DFT investigation.91  

 
Results 
 
 

Reaction rate constant of nickel acetone system Ni+(h6-Ac).  This was the first 

experiment that directly measured the kinetic parameters associated with organic bond 

dissociation activated by transition metal ions.  The experimental procedure is explained 

in chapter 2.  A typical precursor mass spectrum was shown in Figure 2.  The reactive 

decay, decomposition of Ni+(h6-Ac) results in formation of Ni+CO + C2H6 fragments.  

The unimolecular decomposition of the precursor ion was monitored over a range of 

internal energies (15600 -18800 cm-1) and the first-order rate constants are displayed in 

Table 1.  There is an obvious dependence between the rate constant and the internal 

energy of the complex; as the internal energy decreases, the rate constant also decreases. 

 
Table 1.  Rate-limiting rate constants (x 104 s-1) measured for the unimolecular 

decomposition of the precursor Ni+(Ac) at various internal energies. 
 

Internal Energy  
(cm-1) 

k(E) 
(104 s-1) 

18800 11.3 ± 0.5 

18000 9.68 ± 0.03 

17700 9.27 ± 0.03 

16400 5.90 ± 0.02 

16100 5.80 ± 0.03 

15600 5.50 ± 0.03 
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 The temporal response of Ni+CO is selectively monitored.  The three traces of 

Figure 10 are enhanced product formation waveforms resulting from the reactive decay 

of Ni+(Ac) following photon absorption.  Each point in the waveforms represents 10 s of 

data acquisition or the average of 100 experiments.  Each trace in the figure represents 

decay measurements at decreasing amounts of precursor cluster internal energy.  As the 

molecular ions are jet-cooled prior to laser interrogation, the absorbed photon energy 

approximates the internal energy of the complex prior to dissociation into fragments.  The 

laser energy which initiates the dissociative reaction represents a photon energy that is 

significantly less than that required to break C-C σ-bonds typical to isolated organic 

molecules.  Thus, the Ni+ cation assists in the dissociative process by lowering the energy 

required to break C-C σ- bonds.  

 The late portions of the waveforms of Figure 10 appear consistent with the 

functional dependence described by eq 2.7.  The left axis represents the normalized 

Ni+CO fragment intensity.  The time axis is the temporal displacement of the precursor 

ions relative to the OA.  This is most conveniently defined as negative time values and 

time zero represents the coincident firing of the dye laser and OA.  The reaction rate 

constants provided in the figure are acquired by plotting the natural logarithm of the 

fragment ion intensity versus time and extracting the slope from the linear portion of the 

waveform through regression analysis.  The similar waveforms follow a relatively flat 

plateau region and terminate in the exponential character of eq 2.7.  This time invariant 

portion of the waveforms is caused by an induction period (tind) indicating that the excited 

precursor ions do not immediately produce fragments following single photon absorption.  

Induction periods typically result when there are multiple (relative) slow steps in a 
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mechanism which necessitate the buildup of an intermediate before conversion to 

products.  Therefore, each waveform of Figure 10 can be described by assuming that 

there are two kinetically important steps along the reaction coordinate controlling the 

reaction dynamics. 

 
 

Figure 10.  Enhanced product formation waveforms resulting from the Ni+ assisted 
dissociation of acetone at various internal energies.  Each trace represents a decreasing 
amount of the internal energy.  From the top trace to the bottom the energies are 18800, 
18000 and 16400 cm-1 respectively.  The reaction rate constants provided in the figure are 
acquired by plotting the natural logarithm of the waveform intensity versus time and 
extracting the slope from the linear portion of the waveform. 

 

 The rate of product formation is limited by the slowest step in the mechanism 

(Figure 9).  The final step (dissociation) does not involve bond activation or significant 

rearrangement and is not the rate-limiting step (k3 is assumed to be relatively large).  

Consequently, the Ni+(Ac) dissociation reaction is dominated by two processes: C-C σ-

bond activation (kact) or the methyl shift (ksft).  To determine whether kact or ksft is the 

slowest step and hence, the rate limiting step, the decomposition of nickel bound to 

no
rm

al
iz

ed
 f

ra
gm

en
t 

io
n 

in
te

ns
it

y

-60 -50 -40 -30 -20 -10 0 

time (µs)

k = (11.3 + 0.5) x 104 s-1

k = (9.68 + 0.03) x 104 s-1

k = (5.90 + 0.02) x 104 s-1



32 
 

deuterium labeled acetone was monitored.  Thus, the kinetic constants associated with the 

dissociative Ni+(d6-Ac) reaction were acquired and compared with the Ni+(h6-Ac) system. 

 
Reaction rate constant of nickel acetone system Ni+(d6-Ac).  The kinetic constants 

associated with the dissociative Ni+(d6-Ac) reaction was measured.  Figure 11 compares 

the unimolecular product waveforms resulting from reactions: Ni+OC(CH3)2 → Ni+CO + 

C2H6 (top panel) and the deuterium labeled isotope, Ni+OC(CD3)2 → Ni+CO + C2D6 

(bottom panel).  Both waveforms were acquired at comparable instrumental settings and 

the same laser energy (16400 cm-1) was used to initiate each reaction.  The striking 

feature of Figure 11 is the obvious difference in reaction rates between the two isotopes.  

The heavier, deuterium-labeled acetone isotope requires significantly longer times to 

produce Ni+CO fragments.  The rate constants extracted from these analyses are for the 

rate-limiting step in Figure 9.  The deuterium labeled acetone reaction with Ni+ has a rate 

limiting rate constant that is approximately 5 times smaller than that measured for the 

lighter isotope.  To validate the data acquired at 16400 cm-1, analogous measurements 

were conducted using another laser energy.  Table 2, lists the rate constants measured for 

the Ni+(d6-Ac) and those previously acquired for the Ni+(h6-Ac) system.  

In this experiment the molecular ions are jet-cooled prior to laser interrogation; 

therefore the photon energy represents the total amount of energy available to the cluster.  

The long exponential portion of the waveform (in the bottom panel of Figure 11) is 

distorted by a long 31 μs induction period.  During this time (31 μs), fragments are not 

observed following single-photon absorption.  This induction period, tind, represents a 

time equivalent nearly as long as the TOF which is part of the reason for this waveform’s 

distortion.  The final 200 μs of the waveform is well-described by the exponential 
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character of eq 2.7.  The intensity of the final portion of the trace (last 200 s) was fit to a 

straight line and the rate constant (k(E)) extracted from the linear analysis.  A single rate 

constant, k(E = 16400 cm-1) = 1.17 ± 0.06 s-1 (see Table 2 and Figure 11) represents the 

rate-determining step (either kact or ksft) from Figure 9. 

 

 
 
Figure 11.  Comparative kinetic study between the assisted decomposition of Ni+(h6-Ac) 
(top panel) and Ni+(d6-Ac) (bottom panel).  The two panels plot the normalized Ni+CO 
fragment intensity vs time.  The decomposition for each reaction is initiated by single 
photon absorption (laser photon energy = 16400 cm-1).  The reaction rate constants 
provided in the figure are acquired by plotting the natural logarithm of the waveform 
intensity versus time and extracting the slope from the linear portion of the waveform. 
 

Waveform Simulations 
 
The waveforms acquired here at low internal energies present a flat plateau 

(induction time) followed by product formation.  These experimental results suggest that 

there are two kinetically important steps along the reaction coordinate controlling the 

reaction dynamics.  We believe that one of these two processes is associated with the 
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induction time in the waveform while the other is the rate-determining step in the 

dissociative reaction.  Our technique measures the rate-limiting rate constant directly.  

Therefore, the rate constants extracted from the experiment are either C-C σ-bond 

activation (kact, formation of I1) or the methyl shift (ksft, formation of I2) in Figure 9.  To 

approximate the rate constant value which is not directly measured by this technique, and 

to quantify the induction times evident in the waveform, software was developed to 

simulate the temporal growth of the ion fragment under instrumental conditions. 

 
Table 2.  The rate constant (x104 s-1) and the induction time for the low energy reaction  

of h6 and d6-acetone by gaseous Ni+.  The rate constant subscript indicates an action, 
 either methyl shift (sft) or activation (act).  The superscripts indicate measured  

directly (a) or determined through simulation (b).Values without error limits 
 are assumed accurate to ± 10%. 

 
Internal 

Energy (cm-1) 
Ni+(h6-Ac)   →  Ni+CO + C2H6 

      ksft(E)a           kact(E)b       ind(s) 

       Ni+(d6-Ac)   →  Ni+CO + C2H6 

       ksft(E)a           kact(E)b     ind (s)

18800 11.3 ± 0.05      

18000 9.68 ± 0.03 21.0 7 1.60± 0.08 12.5 19 

17700 9.27 ± 0.03      

16400 5.90 ± 0.02 13.1 11 1.17 ± 0.06 
 

6.7 31 

16100 5.80 ± 0.03      

15600 5.50 ± 0.03      

 
 

The differential rate equations that govern precursor loss and fragment production 

have been solved for this type of system95, 96 (two-step consecutive reaction).  This 

provides mathematical descriptions of the time variations in the concentrations of 

precursor (Ni+Ac)t, the first intermediate (I1)t and product (Ni+CO)t : 
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                                 (3.1) 

                         (3.2) 

1 1               (3.3) 

where k1 and k2 are general rate constants representing the two slower steps in the 

scheme.  These equations, in combination with eq 2.5 and 2.7, were programmed into 

software that simulates the fragment production waveforms typical to these studies (solid 

curve in Figure 12).  The simulation is not dependent upon the assignment of the k1 or k2 

as rate-limiting.  To operate the software, one of the rate constants is input as the fixed 

value determined through regression analysis.  The remaining two input parameters, the 

precursor initial concentration and the remaining rate constant ((Ni+Ac)0, k1 or k2) are 

manually adjusted until the contour of the simulated waveform overlays the experimental 

waveform. 

 To simulate the plateau region of the waveforms in Figure 12, an induction period 

that delays fragment production was included in the software.  This delay assumes that 

fragments are not observed in sufficient quantity until the intermediate has reached 

maximum concentration.  Therefore, the program was modified to incorporate this 

induction period and the value was determined by setting the first derivative of eq 3.2 

equal to zero and solving for the time.  This time, which equates with the maximum 

intermediate concentration, is provided by eq 3.4, 

                                                  (3.4) 
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It should be noted that incorporating the induction time in such fashion does not 

provide any additional adjustable parameters to the model.  

 

 
 
Figure 12.  (Top panel): The Ni+(h6-Ac) product waveform shown with simulation.  The 
photon energy used to initiate the decomposition reaction is 18000 cm-1. (Bottom panel):  
The three waveforms showing precursor, intermediate, and fragment production (delayed 
by the induction period which correlates with the maximum in the intermediate 
waveform).  The induction period obtained by the simulation was 7 s.  
 
 
 Figure 12 shows in the top panel the product formation waveform for the 

decomposition of Ni+(h6-Ac) acquired through experiment (points) and  the superimposed 

curve acquired through simulation (solid line).  The lower panel displays the precursor, 

intermediate, and fragment production waveform generated from eqs 3.1 and 3.4.  The 

rate constants used to generate the simulated waveform in Figure 12 are k1 = 21.0 × 104  
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s-1 and k2 = 9.68 × 104 s-1, where k2 was held constant at the value acquired through 

regression analysis.  The rate constants (labeled as kact and ksft), and the induction periods 

are summarized in Table 2. 

 
Discussion 
 
 

Electronic transition and deposition of the energy. The ground electronic state 

bond energy of the Ni+(Ac) complex ion has been calculated91 as 20300 cm-1, and is 

likely formed from the electrostatic attraction between the ground-state Ni+ cation 

[2D(3d9)] bound to the neutral acetone dipole (2.84 D).97  The bonding is likely 

electrostatic as the ion-dipole attractive potential, at the Ni+-OC(CH3)2 distance predicted 

by theory,91 is 19600 cm-1.  The energy required to ionize atomic nickel is ∼16500 cm-1, 

less than that required to ionize acetone.98  This large difference in ionization energy 

suggests that the charge in the complex is localized on the nickel.  

After absorption of a visible laser photon, the Ni+(Ac) is promoted to an 

electronically excited state.  The Ni+ cation must be the chromophore as electronic 

transitions in acetone occur only in the UV.99, 100  The lowest lying, excited electronic 

state of Ni+ is a 4F(3d84s) with lowest energy spin-orbit component (J = 9/2) lying 8393.9 

cm-1 above the Ni+ 2D ground state.  This transition {4F(3d84s)  2D(3d9)} is the most 

likely electronic transition excited at the photon energies used.  Thus, electronic transition 

into this 4F manifold of states initiates the dissociative chemical reactions observed in this 

study.  It should be noted that these Ni+ centered, spin forbidden transitions violate parity 

selection rules, but become weakly allowed in the cluster as the dipolar field of the ligand 

lowers the spherical atomic symmetry.  The prepared excited quartet electronic state of 
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Ni+(Ac) is metastable; the absorbed photon energy is insufficient to cause direct 

dissociation into Ni+ + acetone fragments (the energy of the prepared state is below the 

adiabatic bond energy of the complex) and coupling to the ground state through photon 

emission is optically forbidden (within the dipole approximation).  Rather, the excited 

quartet state intersystem crosses to the doublet electronic state, depositing the energy of 

the electronic transition (or the photon energy) into the high vibrational levels of the 

ground state.  Energy deposition in these high vibrational states provides the activation 

energy for unimolecular dissociation into fragments.  Additionally, the deposited photon 

energy is likely localized in the cluster vibrational modes (those involving motion 

between the Ni+ and neutral acetone) of the molecule.  The cluster modes may 

inefficiently couple to the vibrational modes of the acetone molecule.  The net effect of 

this coupling is the localization of energy and provision of sufficient motion to allow Ni+ 

activation of the C-C σ-bond in acetone. 

 
The rate-limiting step. This technique directly measures the rate-limiting rate 

constant along the dissociative reaction coordinate.  The reaction potential energy surface 

for this system indicates that Ni+ activation of the C-C -bond is followed by methyl 

migration.  The kinetic constants associated with the dissociative Ni+(d6-Ac) reaction was 

measured to determine the rate-limiting step.  From this study, two kinetic isotope effects 

were acquired which facilitated assignment of the reaction dynamics.  The kinetic isotope 

effect (kH/kD) associated with the rate-limiting step has an average value of ∼5.5.  The 

rate constants associated with the other kinetically important step have been 

approximated through simulation based on the rate equations governing consecutive 

reactions.  The kinetic model provides rate constants which have an average ratio of ∼1.8 
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(see Table 2).  Since the rate-limiting step presents a kinetic isotope effect with a larger 

ratio magnitude, the rate-limiting step must involve the larger amplitude motion of the 

isotopically labeled species.  From the scheme, both the formation of TS1 and TS2 

necessitate motion of the isotopically labeled methyl group.  However, a greater methyl 

displacement occurs during formation of TS2 (as verified through DFT calculation91) and 

is therefore responsible for the large kinetic isotope effect measured here for the rate-

limiting step.  This strongly suggests that the methyl shift is the rate-limiting step along 

the Ni+(Ac) reaction coordinate consistent with DFT calculations.91 

 
Inductions periods. An induction period was included to describe the precursor 

ion product waveform.  The study on the deuterium-labeled Ni+(d6-Ac) suggests that the 

rate-limiting step is the methyl shift.  Therefore, ksft is the reaction rate constant directly 

measured in studies of both isomers (Ni+(h6-Ac) and Ni+(d6-Ac) ).  The induction period 

associated with the other kinetically important step: C-C σ-bond activation.  This 

induction period represents the time required to produce a quantity of I1 sufficient to 

observe Ni+CO product.  Therefore, it correlates with maximal production of the first 

intermediate. 

 
Conclusions 
 

The kinetic parameters associated with the unimolecular decomposition reaction 

of Ni+(h6-Ac) and Ni+(d6-Ac) producing Ni+CO + ethane has been studied in unique 

fashion.  The energies employed in this study are below the adiabatic bond energy of the 

complex and well below the energy required to dissociate a C-C σ bond in an isolated 

organic molecule.  The reaction kinetics is controlled by two processes, bond activation 
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(kact) and the methyl shift (ksft).  The results showed that both processes were affected by 

deuterium labeling and are therefore kinetically important.  The rate constants associated 

with bond activation (determined through kinetic simulation) yielded a kinetic isotope 

effect of nearly 2.  The rate-limiting rate constants directly measured by this technique 

resulted in an averaged ratio of ∼5.5.  This larger effect results from methyl migration, as 

this step necessitates a larger amplitude motion from the isotopically labeled methyl 

group. 

 
Low Energy Unimolecular Reaction Rate Constants for the Ni+ Assisted Decomposition 

of Acetaldehyde 
 
 
Introduction 
 
 Transition metal ions have been found, experimentally5, 18, 36, 101 and theoretically,90, 

92-94 to cleave C-H/C-C bonds within aldehydes.  Beauchamp et al.36 measured the CID 

cross sections of Co+ reactions with ketones and aldehydes, determining the reaction 

thermochemistry and to suggesting reaction mechanisms.  They report Co+CO as the only 

product observed for the Co+ acetaldehyde reaction at low collision energy.  Later, 

Beauchamp and Tolbert102 studied transition metals with organic molecules.  They 

measured the CID cross sections of the Co, Fe, Ni, Rh, Ru, Pd cation reactions with a 

series of neutral ligands to determine the thermochemistry of the diatomic metal-hydrides 

M+H reactions.  However, M+H product was not observed for Ni+ and Co+ reactions. 

Instead, decarbonylation (CH4 + M+CO) was the primary product when either metal 

reacts with acetaldehyde at low energy.  Nevertheless, in both studies,102 Beauchamp and 

coworkers were unable to determine whether the reaction occurred via activation of C-C 

or C-H bond of the aldehyde.  Fe+CO was the only product observed when bare Fe+ 
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reacts with acetaldehyde in the ICR experiments by Freiser et al.18  The same result was 

found by Sonnenfroh and Farrar. 101  They studied the decarbonylation of acetaldehyde by 

Fe+ and Cr+ using crossed-beam experiments and suggested the reaction initiates with C-

H activation.  

Theoretical calculation using Density Functional Theory has been also applied to 

the M+-aldehydes systems.90, 92-94  Guo and coworkers studied the decarbonylation of 

acetaldehyde by the Co, Fe, Cr, Ti, and Ni cations.  They found that the reaction with 

Cr+, Co+ and Fe+ occurs via C-C -bond activation, whereas for Ni+, both C-H and C-C 

bond activation lead to Ni+CO + CH4 products. 

 The nickel acetaldehyde (Ni+(Aald)) system was the first aldehyde studied by our 

group.  Here we present the Ni+-assisted decomposition of acetaldehyde; this reaction 

consists of two parallel paths (Ni+ oxidative addition across either the C-C or the 

aldehyde C-H bond).  The motivation for this study was to understand the mechanistic 

details of the decarbonylation reaction by bare Ni+.  We sought to determine whether C-C 

or C-H -bond activation were kinetically important in the Ni+-acetaldehyde 

decomposition reaction.  Direct measurement of the reaction kinetics over a range of 

energies indicates that the rate-limiting step in the dissociative mechanism changes at 

cluster ion internal energies = 17200 + 400 cm-1.  Arguments are presented that this 

energy marks the closure of the dissociative coordinate that initiates with C-H σ-bond 

activation and thus provides a measure of the activation energy of this dissociative 

pathway.  
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Figure 14 shows fragment production waveforms for the Ni+-assisted decomposition of 

acetaldehyde acquired at two photon energies 18200 and 16800 cm-1.  The kinetic rate 

constants shown in the figure were acquired by plotting the natural logarithm of the 

fragment ion intensity versus time.  The waveform in the top panel deviates from a single-

exponential character between 0 to 6 μs, and represents a type of limiting behavior 

observed for this dissociation reaction.  The waveform in the bottom panel appears 

consistent with the functional dependence describe by eq 2.7.  All fragment production 

waveforms acquired at energies less than 16800 cm-1 show a single-exponential form 

similar to the bottom panel of Figure 14.  Measurements made at energies greater than 

17700 cm-1 possess the same biexponential behavior as observed in Figure 14.  Thus, the 

waveform shape is dependent on the photon energy used to initiate the decomposition 

reaction.  The waveforms measured at photon energies between 17700 and 16800 cm-1 

possess characteristics of both profiles.  Therefore, useful rate information could not be 

extracted from studies between these two energies.  

 The rate constants provided in Table 3, are the rate limiting rate constant for the 

Ni+(Aald) dissociative reaction.  At energies greater than ∼17200 cm-1, the measured rate 

constants are smaller than the rate constants measured at energies below this value.  

Clearly, there is a discontinuity in the value of rate constants, which are expected to 

decrease decreasing photon energy.  This correlation between decreasing energy content 

and decreasing rate constant has been observed in every system studied by this technique.  

Again, the photon energy approximates the internal energy of the cluster. 
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Figure 14.  Comparisons of the product Ni+CO formation waveforms measured at two 
different precursor internal energies.  The internal energy and rate constant are labeled in 
each panel. Each rate constant represents the rate-limiting step in the dissociative 
mechanism.  
 
 

Table 3.  Rate constants (x104 s-1) for the low energy reaction of Acetaldehyde 
by gaseous Ni+.  The rate constant subscript indicates an action, either methyl shift (sft) 

or activation (act).  The value of kact is the sum of both C-H and the C-C -bond 
activation rate constant. 

 

Internal Energy Ni+(Aald)   →  Ni+CO + CH4 

(cm-1) ksft(E)                          kact(E) 

18200 11.9 ± 0.2  

18000 10.9 ± 0.4  

17700 9.8 ± 0.4  

16800  15.5 ± 0.4 

16400  14.0 ± 0.5 

16100  13.5 ± 0.5 

15600  13.0 ± 0.5 
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Discussion 
 
 In order to understand the dynamics associated with the Ni+- assisted dissociation 

of acetaldehyde, comparisons to the simpler and well-characterized, Ni+-acetone system 

are drawn.  These comparisons are made at similar photon energies.  Figures 16 and 17 

show the Ni+-assisted dissociation of acetone (bottom panel) and acetaldehyde (top 

panel).  The solid curve in the panels was simulated from the rate equations that govern 

product formation.  This simulation is explained in detail elsewhere.68  In both Figures 16 

and 17 (bottom panel) the Ni+(Ac) dissociative waveform shows the expected behavior at 

large absolute values of time.  The rate constant is directly extracted from this portion of 

the curve.  At times closer to 0 μs, an induction period causes the waveform to deviate 

from this behavior and flatten into a featureless plateau.  The rate limiting step in the Ni+ 

assisted dissociation of acetone is the cation mediated methyl shift and this motion is 

responsible for the long tailing portion of the waveform.  

 The waveform in the top panel of Figure16 represents Ni+CO formation from Ni+-

assisted dissociation of acetaldehyde at a reaction initiation energy ∼18000 cm-1.  It is 

clear that both waveforms have similar shapes.  The waveform analysis yields similar 

rate-limiting rate constants for the two systems.  This suggests common aspects between 

the unimolecular dissociative mechanisms.  Measurements,66 supported by theory,91 

identify a methyl shift as the rate-limiting step in the Ni+(Ac) system.  Based on the 

similar profile observed by the two systems, we conclude that at internal energies 

∼18000 cm-1, the methyl shift is the rate limiting step in the reaction coordinate that 

connects Ni+(Aald) to Ni+CO + CH4.  
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Figure 16.  Comparison of the fragment production waveform measured for the Ni+-
assisted dissociation of acetaldehyde (top panel) and acetone (bottom panel) at 
comparable photon energies (∼18000 cm-1).  The reaction rate constants provide in the 
figure represent the rate-limiting step and are extracted from the linear portion of the 
waveform.  The solid curve through the data is the simulated waveform. 
 
 
 The top panel of Figure 17 shows the waveform acquired for the decomposition 

of Ni+(Aald) at 16800 cm-1.  This waveform bears no resemblance to the waveform from 

the Ni+-assisted dissociation of acetone acquired at similar photon energy.  The 

differences in the profile suggest that the Ni+ induced decomposition dynamics is 

markedly different for these two systems at this internal energy.  The waveform from the 

Ni+(Aald) system is described entirely by eq 2.7, and implies that a single kinetically 

important step rate limits the assisted decomposition kinetics of acetaldehyde at this 

internal energy.  The differences in these profiles, strongly suggests that an alkyl shift 

does not occur during the Ni+ induced decomposition reaction of acetaldehyde at energies 

lower than 17000 cm-1.  
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Figure 17.  Same type of comparison as given in Figure 16, except the internal energy of 
the precursor is ~ 16600cm-1 
 
 
 The measured rate-limiting rate constant for Ni+(Aald) decomposition shows a 

discontinuity with the photon energy.  The rate constants at ~ 16800 cm-1 is larger than 

that observed at higher energies (Table 3).  At energies lower than 17000 cm-1, an alkyl 

shifts is not part of the dissociative mechanism.  Thus, these results indicate that C-H/C-C 

activation is the rate limiting step in the decomposition of Ni+(Aald) at lower energies.  

To provide further evidence of this interpretation, the magnitudes of the rate constants 

between the two systems are compared.  The value of the Ni+(Ac) activation rate constant 

(kact = 13.1 x 104 s-1) determined through simulation, is similar to the rate-limiting rate 

constant (kact = 15.5 x 104 s-1) acquired through regression analysis in this study, 

suggesting that activation is the rate limiting step at lower energies. 

 This comparative study can be used to understand the dynamics during the 

decomposition of Ni+(Aald) to produce Ni+CO and methane.  The results indicate that the 
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Ni+(Aald) mechanism exhibits two paths to dissociation.  At internal energies greater 

than 17700 cm-1, it is likely that both paths may be followed, and methyl migration is the 

rate-limiting step.  This implies that at energies greater than 17700 cm-1, the value of k4 is 

directly measured.  At lower energies, our results show a change in the rate-limiting step, 

and we suggest that a single path is followed to dissociation.  Thus, one of the 

dissociative channels available to the decomposition of Ni+(Aald) closes between 16 800 

and 17 700 cm-1.  The remaining dissociative pathway, Ni+ activation of the C-C σ-bond 

followed by H-migration to form Ni+CO + CH4, remains open at energies as low as 

15600 cm-1.  Table 3 provides a summary of the rate constants measured in this study. 

 
Conclusions 
 
 Rate constants for the low-energy, Ni+-assisted dissociation of acetaldehyde have 

been directly measured for the first time.  Two different profiles, biexponential and single 

exponential product waveform were acquired.  A discontinuity in the measured rate-

limiting rate constant was observed by monitoring the reaction kinetics at continually 

smaller internal energies.  These results indicate that the rate-limiting step in the 

dissociative mechanism changes with the internal energies.  Comparison to the simpler 

acetone system, allowed assumptions to be made concerning the dissociation dynamics of 

the title Ni+(Aald) decomposition.  At energies greater than 17700 cm-1, methyl migration 

rates limit product production.  At energies lower than 16800 cm-1 C-C/C-H activation is 

the rate limiting step.  The discontinuity that occurs at 17200 + 400 cm-1 marks the 

closure of the dissociative coordinate that initiates with C-H σ-bond activation. 
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CHAPTER FOUR 
 

Reaction Rate Constants and Mechanistic Detail of the Ni+ + Butanone Reaction 
 

This chapter reproduced in part with permission from: 
 

 Laboren, I. E.; Villarroel, O. J.; Dee, S. J.; Castleberry, V. A.; Klausmeyer, K.; 
Bellert, D. J. J. Phys. Chem. A 2011, 115, 1810-1820. 

 
 

Abstract 
 

 The unimolecular decomposition kinetics of the jet-cooled Ni+-butanone cluster 

ion has been monitored over a range of internal energies (16000-18800 cm-1).  First-order 

rate constants are acquired for the precursor ion dissociation into three product channels.  

The temporal growth of each fragment ion is selectively monitored in a custom 

instrument and yields similar valued rate constants at a common ion internal energy.  The 

decomposition reaction is proposed to proceed along two parallel reaction coordinates.  

Each dissociative pathway is rate-limited by the initial Ni+ oxidative addition into either 

the C-CH3 or C-C2H5 σ-bond in the butanone molecule.  Ratios of integrated product ion 

intensities as well as the measured rate constants are used to determine values for each σ-

bond activation rate constant.  The lowest energy measurement presented in this study 

occurs when the binary complex ion possesses an internal energy of 16000 cm-1.  Under 

this condition, the Ni+ assisted decomposition of the butanone molecule is rate limited by 

 = (0.92 + 0.08) x 105 s-1 and  = (0.37 + 0.03) x 105 s-1.  The relative 

magnitudes of the two rate constants reflect the greater probability for reaction to occur 

along the C-C2H5 σ-bond insertion pathway, consistent with thermodynamic arguments.  
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DFT calculations at the B3LYP/6-311++G(d,p) level of theory suggest the most likely 

geometries and relative energies of the reactants, intermediates, and products. 

 
Introduction 

 
 It is well known that C-C and C-H bonds in hydrocarbons can be activated by 

transition metal ions in the gas phase.2  For many of these systems, the interaction 

between transition metal cation and organic lowers the -bond activation energy 

requirements.  Thus, such low energy, bond cleavage reactions may be viewed as models 

for catalysis.  Indeed, considerable research has been devoted to determine the energies 

of C-C and C-H bond activation processes and to provide possible mechanisms for such 

reactions.3-7, 46, 71, 82, 83, 103-107  These studies utilize techniques as ion cyclotron resonance 

mass spectrometry,17, 21, 22, 41, 51, 86, 87 tandem mass spectrometry,12, 25, 32, 57, 60, 61, 64, 108 and 

crossed beam experiments,89, 101, 109-111 where products are sampled following the reacting 

collision of the transition metal ion and organic species.  Such experiments have resulted 

in a fundamental understanding of the thermochemistry of both endo- and exothermic 

reaction channels.  Theoretical investigations compliment these experimental studies by 

suggesting possible mechanisms through calculation of the reaction potential energy 

surface.55, 71, 90-94, 112-115 

 Our recent contribution to this effort has been the measurement of the 

decomposition kinetics of transition metal ion activated C-C/C-H σ-bonds in ketones and 

aldehydes.65, 66, 68, 116  Instrumentation has been developed that directly measures the rate 

constants associated with gaseous metal ion/organic molecule reactions.  These studies 

have provided the rate constant for the rate-limiting step along the coordinate that 

connects reactants to products.  Furthermore, these studies have either suggested65, 66 or 
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quantified68 the energy of activation necessary to cleave organic σ-bonds resulting from 

this organic/transition metal cation interaction.  These measurements provide information 

that allows significant insight into the possible mechanisms for the dissociative reaction. 

 Isolated, gaseous butanone molecules photolyze in a Norrish, type I method 

producing free radicals.116  In accord, the radical fragments CH3CO + C2H5 and C2H5CO 

+ CH3 are observed following the UV irradiation of gaseous butanone.116-118  The 

interaction between the butanone molecule and Ni+ cation lowers these energy 

requirements into the visible frequency range.  Thus, the Ni+ cation assists in the 

decomposition of the butanone molecule by lowering the bond activation energy.  In 

doing so, this system provides a model for such energy lowering mechanisms exhibited 

by transition metal active sites. 

 There have been earlier studies of the reactions between Co+ and Fe+ with gaseous 

butanone.18, 36  These experiments established five possible products detected under their 

instrumental conditions.  These five observed ionic products, along with their 

corresponding neutrals, are provided in rxn 4.1. 

																																
																																

		 → 				
																															
																															

																																																	 rxn	4.1 	

	
The major product resulting from reaction with either metal is loss of M+(C2H4O).  These 

researchers selectively deuterium labeled certain hydrogen atoms and the resulting 

product distributions lead to feasible decomposition reaction mechanisms.  Their 

proposed mechanisms proceeded via a M+ cation activation of a C-CO σ-bond followed 

by rearrangement of alkyl groups and/or β-hydrogens. 
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 This present study focuses on the likely mechanism for the Ni+ assisted 

decomposition of the butanone molecule.  The kinetic results presented here suggest that 

the dissociative mechanism consists of two parallel paths that are rate-limited by the Ni+ 

oxidative addition into either the C-CH3 or C-C2H5 σ-bond in the butanone molecule.  

These results are contrasted with the similar Ni+ induced decomposition of acetone65 

where measurement of the kinetic isotope effect66 indicated that a methyl shift rate-

limited product formation. 

 
Experimental Section 

 
 The instrument and experimental techniques has been described in detail in 

chapter 2.  Briefly, gaseous nickel cations are formed by ablating a solid nickel rod with a 

focused pulse laser radiation (248 nm) under high vacuum conditions.  A high pressure, 

pulse helium plume (doped with the vapor pressure of methyl ethyl ketone) is timed to 

entrain and cool the vaporization products through supersonic expansion into vacuum.  

The substantial number of collisions between the doped carrier gas and Ni+ ensures the 

formation of the title Ni+-butanone (Ni+(But)) complex.  

 Product ions are skimmed twice and enter into a Willey-McLaren74 orthogonal 

accelerator (OA) located at the entrance of the time of flight mass spectrometer 

(TOFMS).  The common kinetic energy imparted to the ions permits mass separation 

through the TOFMS.  The separated ion packets are selective transmitted through the 

hemispherical kinetic energy analyzer (or sector) to strike a MCP detector located at the 

terminus of the sector.  Parent mass spectra (Figure 18) can then be acquired and 

analyzed, determining the identity of the complexes and optimizing their intensity within 

the beam.  The mass spectrum of Figure 18 is rather clean; the low-mass side contains 
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focused 18800 cm-1 photolyze the precursor Ni+(But) ion.  These photolysis events are 

fast and occur within the 1 μs travel time to the sector entrance.  Fragments formed 

within the sector are not transmitted to the detector. 

 Kinetic studies of a single precursor ion occur when pulse laser radiation counter-

propagates to the molecular beam direction and is timed to intersect the clusters before 

pulsed extraction in the OA.  The cations within the molecular beam absorb a photon 

energy and decay to produce fragment ions.  All fragment ions produce before entering 

the OA receive the same (full) kinetic energy imparted to the precursor ions and are 

therefore not sample (the fragments are indistinguishable from the precursor).  Only those 

precursor ions that decay within the field free flight of the TOF can be detected by 

selective transmission through the sector.  Our technique amplifies these signals thru 

integration of the decay within the TOF.  Panel B of Figure 19 presents the Ni+(But) 

fragment transmission profile following absorption of ∼50 mJ of pulsed laser radiation 

∼3 μs before precursor entrance into the OA.  The indicated products formed at least 4.5 

μs (3 + 1.5 μs required to traverse the OA) after photon absorption.  Thus these fragments 

result from the relatively slow, reactive decay of the Ni+(But) cluster.  There is no 

transmission of Ni+ when photoabsorption occurs prior to right angle extraction in the 

OA (compare the panels A and B of Figure 19).  This suggests that formation of Ni+ 

results from fast photolysis of the precursor ion.  Fragment production waveforms are 

generated by a computer controlled scan of the timing delays.  The program monitors the 

intensity of selected fragment transmission through the sector while the dye laser is 

temporally scanned relative to the OA voltage pulse.  The selective monitoring of 

fragment ion production occurring only during the free flight time discriminates against 
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detection of fast dissociative events.  Ions require ∼1.5 μs to traverse the OA at nominal 

voltage settings and any precursor that dissociates within the field of the OA will not be 

detected.  Thus, fast 2-photon dissociation processes or single photon photolysis provide 

minimal contamination to the fragment yield even at the high, pulsed laser fluence 

typically employed in these studies. 

 

 
 
Figure 19.  Sector voltage scans.  Trace A presents products resulting from the high-
fluence photolysis of Ni+(But) isomers as the ions approach the sector.  Trace B presents 
products resulting from the photon initiated, reactive decomposition of the Ni+(But) 
precursor ion. 
 
 
Internal Energy Minimization  

 The title complex ion is formed under jet-cooled conditions.  Experimentally, to 

generate the coldest precursor ions with stable and reproducible intensities, the ion arrival 

time to the acceleration grid is monitored and the distribution of flight times is 

minimized.  The time required by the ions to span the ∼80 cm distance between pulsed 

re
la

ti
ve

 f
ra

gm
en

t 
in

te
ns

it
y

150 250 350 450 550 650 
sector potential difference (V)

 = 28200 cm-1

 = 18800 cm-1

 = 18800 cm-1

 = 16000 cm-1

Ni+

B

A

f e d



57 
 

valve and OA center is estimated from the difference in trigger pulses to the OA and 

vaporization excimer (the time difference between formation of the ions and right angle 

extraction from the molecular beam).  Figure 20 presents the measured distribution of 

Ni+(But) precursor ion velocities.  It is noteworthy that the center velocity within this 

distribution, 1.47x103 m/s, approaches the terminal velocity limit of a pure helium, 

supersonic expansion (1.77x103 m/s).  The solid curve through the data points of Figure 

20 is obtained by fitting the experimental data points to the velocity distribution for a 

collimated supersonic beam (eq 2.1).  Temperatures of supersonic expansions are 

typically recorded as Mach numbers; here, the precursor ions travel at Mach 68, slightly 

lower than the Mach value (M-70) found for a He/acetone expansion.  

 

 
 

Figure 20.  Apparent velocity distribution for the Ni+(But) precursor complex ion. Source 
conditions are optimized to minimize the width of this distribution. This minimizes the 
internal temperature of the ions within the beam. Under these conditions, the precursor 
complex ions travel at Mach 68. 
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 Flight time distributions are acquired in real time as preliminary experiments to 

the unimolecular decomposition kinetic studies.  Source conditions are optimized to 

generate the most symmetric and narrow distributions possible.  Under these optimized 

conditions, cluster ions as large as Ni+(But)4 are readily observed (Figure 18) testifying to 

the significant reduction in temperature that occurs during the jet-cooled expansion. 

 
Activation through Photon Absorption 
 
 Energy (16000-18800 cm-1) is deposited into the cold cluster ion through 

absorption of a visible photon promoting the cluster into an excited electronic state.  The 

lowest lying electronic excitation in the butanone molecule is a π*  n transition at 

∼36000 cm-1.116  This is likely too high to be responsible for photon absorption in the 

cluster.  Rather, the nickel cation is the chromophore in this electronic transition.  The 

lowest lying, excited electronic states of Ni+ are a 4F and 2F each with a 3d84s electronic 

configuration and with lowest energy spin orbit components lying 8393.9 and 13550.4 

cm-1 above the Ni+ 2D (d9 ) ground state.  The Ni+(But) ground state bond energy has 

been calculated as ∼22000 cm-1 (Table 4).  The excited electronic state bond strength is 

reduced relative to the ground state due to the increased electrostatic repulsions between 

the electron in the occupied upper state -orbital and the carbonyl group’s electrons.  

This reduction in bond energy upon electronic excitation has been measured in simpler 

clusters.119  For example, in the Ni+(3d84s) Ar  Ni+(3d9) Ar [2Σ+] system, the ground 

state bond energy is 4685 cm-1 while the upper state is 1926 cm-1; a reduction of nearly 

60%.120  In the similar Co+-RG (rare gas) cluster system, upper (Co+ (3d74s) RG [3Φ4]) 

and ground (Co+ (3d8) RG [3Δ3]) state bond energies have been measured.121-123  Here, for 

the Ar, Kr, and Xe series, the excited state bond energies are 1563, 2888, and 4862 cm-1; 



59 
 

while the ground states are 4210, 5600, and 8100 cm-1, respectively.  The upper state 

bond energy is reduced by 63%, 48%, and 40% relative to the ground state. 

 
Table 4.  Bond dissociation energies (BDE, cm-1) of various Ni+ complexes 

 
Ligand BDE 

(cm-1) 
CH2 25800 + 700a 

CH3 14200 + 600a 

CH4 8000 + 400,a 8700,b 7400c 

C2H4 15400 + 700,d 15244 + 890e 

CH3CHO 18600,f 20000c 

C3H4O 18000c 

(CH3)2CO 20300g 

(CH3)(C2H5)CO 22000c 

a Reference 35. b Reference 115. c This study, computed at the B3LYP/ 6-311++G(d,p) 
level of theory and zero point energy corrected. d Reference 87. e Reference 25. f 
Reference 90. g Reference 91. 
 
 
 Assuming that these Ni+-organic ketone systems follow similar trends, an 

estimated 30% reduction in the upper state bond strength relative to the ground state 

seems reasonable.  This indicates that the 4F (3d84s)  2D (d9) is the most likely 

electronic transition at the excitation energies used.  Thus, electronic transition into this 

4F manifold of states initiates the dissociative chemical reactions observed in this study.  

It should be noted that these atomic-centered, spin forbidden transitions violate parity 

selection rules, but become weakly allowed in the cluster as the dipolar field of the ligand 

lowers the spherical atomic symmetry.  Although of low oscillator strength, vibrational 
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resolved electronic transitions in the simpler Ni+Ar cluster cation have been previously 

observed.120 

 The absorbed photon energy is below the adiabatic bond energy of the Ni+(But) 

complex (Table 4) and is thus insufficient to break the Ni+-organic bond.  Absorption of 

this photon energy results in an electronic state that is metastable; photoemission to the 

ground state is optically forbidden (within the dipole approximation) and energy cannot 

be removed through simple Ni+-butanone bond cleavage.  Rather, the excited state likely 

intersystem crosses to the ground potential surface, depositing the energy of the 

electronic transition (or the photon energy) into the high vibrational levels of the ground 

state.  Energy deposition into these high vibrational states provides the activation energy 

for the observed unimolecular dissociation reaction.  Thus, the photon energy represents 

the amount of internal energy available for reaction and if this energy is in excess of the 

activation requirements, precursor ions dissociate into fragments.  The excited cluster 

ions experience unimolecular decay with the precursor concentration developing in time 

according to eq 2.4. 

 The density of vibronic states in these Ni+-organic complexes is significant.  

Scans of the dye laser frequency result in the continuous, featureless production of the 

three dissociative fragments.  Contrast this to the work of Kleiber,124-128 where the 

photodissociation spectroscopy of Mg+, Ca+, and Zn+-formaldehyde and-acetaldehyde 

complexes yielded fairly rich vibronic structure.  In these studies, the cold cluster ion was 

generated in a laser-driven, supersonic expansion similar to that used here.  Both metal 

based (pπ  sσ) and ligand based (π*  n) electronic transitions were probed, 

resulting in vibrational resolved photodissociation action spectra.  The electronic density 
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of these metal ions is relatively sparse when compared to open-shelled transition metal 

ions, making resolved action spectra possible.  Interestingly, the dissociation event 

primarily resulted in M+ + aldehyde, the reverse of the formation reaction.  Even at the 

high (sometimes UV) photon energies used to excite the complex ions, no Mg+CO 

fragments were observed resulting from the rearrangement reactions that are typical of 

our low energy studies.  This suggests that the electronic structure of the metal bonding 

partner is key to the energy lowering associated with these catalytic model reactions. 

 
Results 

 
 The laser induced decomposition of Ni+(But) results in formation of three charged 

products.  The mass of each observed fragment ion corresponds with the loss of a stable 

neutral species (rxn 4.2). 

																																
		 → 			

																															
                                   (rxn 4.2) 

To measure the dissociation kinetics of these reactions, laser radiation is directed toward 

the counterpropagating molecular beam while selecting the sector to transmit one of the 

three fragment ions.  The intensity of each fragment (integrated through the TOF) is 

recorded as the timing difference between trigger commands to fire the OA, and the 

Nd:YAG pumped dye laser is scanned.  An example of the waveforms typical of this 

study is presented in Figure 21.  Here, the precursor ion absorbs 16700 cm-1 of photon 

energy, and the temporal response of each resulting product channel is independently 

sampled.  Selective detection of each product ion in rxn 4.2 results in the three traces of 

Figure 21.  Each point is the average of 100 experiments or 10 s of data acquisition. 
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Figure 21.  Comparisons of the product growth waveforms for the three dissociative 
channels monitored.  Each waveform is measured and analyzed independently.  The solid 
curve through the data points is calculated from the constants of a linear analysis of each 
waveform intensity.  The extracted rate constant is labeled in each panel and are of 
similar values for each waveform. 
 
 
 The waveforms of Figure 21 appear consistent with the functional dependence 

described by eq 2.7.  Rate constants are acquired by plotting the natural logarithm of the 

fragment ion intensity vs time and extracting the slope through linear regression analysis.  

The regression constants are used to construct the solid curves through the observed 

points in the three traces of Figure 21.  The fragment growth waveforms are well-

described by the exponential character of eq 2.7, and each extracted rate constant is 

provided in the figure.  These rate constants have the same value (within the error limits 

of the measurement) with a weighted averaged value of k (E = 16700 cm-1) = (1.59 + 

0.09) x 105 s-1 (Table 5). 
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 This experiment was conducted at three additional laser energies.  Each 

measurement provided waveforms described by eq 2.7.  Rate constants from each product 

formation waveform were extracted in identical fashion.  The rate constants for each 

dissociative channel, measured at the same laser energy, were common valued and are 

provided in Table 5 with weighted averages.  Expectantly, since absorption of the laser 

photon provides the internal energy of the precursor ion, the rate constants decrease with 

decreasing laser frequency.  The larger rate constants in Table 5 are measured with 

greater uncertainty as less precursor ion decay occurs within the field free region of the 

TOF.  Thus, in accord with eq 2.7, there is less amplification of the growth waveforms 

resulting in lower signal-to-noise ratios. 

 
Table 5.  Rate-limiting rate constants (x105 s-1) measured for the unimolecular 

decomposition of the precursor Ni+(But) k (E) 
 

Internal  
Energy (cm-1) 

Ni+(C3H4O) 
+ CH4 

Ni+(CH3CHO)
+ C2H4 

Ni+(C2H4O)
+ CH3CHO

Weighted  
average k(E) 

  

18800 2.5 + 0.5 2.2 + 0.2 2.4 + 0.2 2.31 + 0.13 1.65 + 0.04 0.66 + 0.09 

18000 2.2 + 0.3 2.2 + 0.2 2.4 + 0.2 2.28 + 0.10 1.63 + 0.07 0.65 + 0.03 

16700 1.5 + 0.2 1.5 + 0.1 1.62 + 0.05 1.59 + 0.09 1.14 + 0.06 0.45 + 0.02 

16000 1.3 + 0.1 1.2 + 0.1 1.35 + 0.08 1.29 + 0.12 0.92 + 0.08 0.37 + 0.03 

 
 
Identity of the Precursor Ion  
 
 Typical of mass spectrometric techniques, knowledge of the possible isomers 

present in a mass spectrum must be inferred through secondary techniques or determined 

by some other means.  Here, previous experiments,124-128 DFT theory,73 and this 

instrument’s secondary mass analysis are used to access the structure of the most likely 
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Ni+(But) isomer responsible for the dissociative kinetics quantified in Table 5 and 

presented in Figure 21. 

 Panel A of Figure 19 shows the fragment ions that result from the high-fluence, 

high-energy photolysis of the isomers of the Ni+(But) precursor ion.  The laser photon 

energies used, 28200 cm-1 or focused 18800 cm-1, are mostly in excess of the bond 

dissociation energies (BDE) provided in Table 4.  The precursor ions absorb the laser 

radiation and dissociate before entering into the electric field of the sector.  The laser 

photons are timed to intersect the Ni+(But) precursor ion ∼1 μs before entrance into the 

sector.  Decreasing this timing to ∼300 ns does not affect the measured fragment 

intensity. 

 The four peaks in the lower panel of Figure 19 represent fragment masses that 

transmit at characteristic sector voltages.  The corresponding masses are Ni+ and the three 

product fragment cations from rxn 4.2.  Thus, the Ni+(But) isomers present in the ion 

beam must have geometries that photolyze into these channels.  This suggests that these 

fragments are preformed structures within the possible isomers of the precursor ion.  A 

search for such isomers was conducted at the DFT, B3LYP/ 6-311++G(d,p) level of 

theory where energy minimization routines identified the structures presented in Figure 

22.  The parenthetical terms in Figure 22 are zero point corrected wavenumber energies 

(cm-1) of the various structures and are with respect to isomer 1, the Ni+(But) cluster ion.  

Isomers 1-3 represent electrostatic combinations of their dissociated fragments and have 

relatively deep potential energy wells.  It should be noted that calculations of isomers 2 

and 3 failed to converge and these structures’ energies are approximated from the energy 

value computed for the separated fragments, lowered by the appropriate entries from 
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Table 4.  For example, isomer 3 is the electrostatic combination of propenal and methane 

bound through the Ni+ cation.  The well depth of isomer 3 is approximated as the 

averaged energy resulting from the combination of the separated fragments in each 

channel.  Here, this energy (3000 cm-1) is that of the fragments (Ni+C3H4O + CH4 (10000 

cm-1)) lowered by the Ni+CH4 bond dissociation energy (7400 cm-1) from Table 4.  The 

potential energy for Isomer 2 is approximated in this same fashion. 

 The minimized energy of isomers 4 and 5 in Figure 22 indicate that these Ni+ 

inserted structures have relatively shallow energy wells and exist∼13000 cm-1 above 

isomer 1.  These isomers are not shown with corresponding products as they do not 

connect to the observed photolysis products through fast, simple bond cleavage reactions.  

A likely photolytic product of isomer 4 is the Ni+CH3 fragment, which would transmit the 

sector at a potential difference of 382 V; however, this is not observed in Figure 19.  

Additionally, the Ni+CH3 fragment mass peak is not detected in the mass spectrum of 

Figure 18.  In fact, there are no obvious fragment ions resulting from simple bond 

cleavage reactions of isomers 4 and 5 observed in this study.  

 Structures 1-3 in Figure 22 represent the most likely isomers that contribute to the 

intensity of the mass peak labeled 58Ni+(But)1 in Figure 18.  These represent the lowest 

energy isomeric forms that photolyze through simple bond cleavage into the observed 

fragments in the lower panel of Figure 19.  Additionally, the three most stable fragment 

ions resulting from dissociation of these isomers are represented as mass peaks in the 

spectrum of Figure 18. 

 Isomers 1-3 (Figure 22), upon absorption of laser radiation, predissociate into the 

observed fragments.  The fragment ions are intact components of these isomers, and 
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severing the electrostatic bonds liberates these fragments without significant 

rearrangement of the isomer.  Such barrierless predissociation events are fast.  Estimates 

of predissociation time scales are provided by the photodissociation action spectra of the 

similar cluster ion, Mg+-(OCH2).124-126  In this study, detection of the dissociated Mg+ ion 

resulted in vibrational resonances with homogeneous line widths consistent with an upper 

state lifetime ∼500 fs.  Such time scales suggest that the photolysis of the electrostatic 

bonds here occur significantly faster than the microseconds required for reactive 

dissociation.  This suggests that isomers 2 and 3 cannot be responsible for the fragments 

produced in panel B of Figure 19 or those that generate the waveforms of Figure 21.  The 

only isomer that is capable of this and present in the beam is isomer 1 (Figure 22).  Thus, 

isomer 1 (or the encounter complex) absorbs a photon of energy and undergoes C-C bond 

activation and reorganization, arriving at the dissociated fragments observed in this study.  

The rate constants secured through analysis of the fragment production waveforms 

(Figure 21, Table 5) are related to the rate-limiting step in this dissociative reaction.  This 

mechanism is discussed in greater detail below. 

 Even though the Ni+(But) ion is formed as a combination of these three isomers, 

the recorded fragment production waveforms uniquely result from the unimolecular 

decay of the encounter complex.  Isomers 2 and 3 likely predissociate in combination 

with the reactive decay of the encounter complex; however, the time scales of these 

events are far too fast to be measured by this technique.  Recall that ions require 1.5 μs to 

span the OA and any dissociation which occurs during pulsed acceleration will not be 

detected. 
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Comparative Studies 
 
 The dissociation dynamics of the title reaction is fairly complex with three 

possible dissociative pathways.  Therefore, comparisons to simpler systems are drawn 

where the measured dissociation dynamics are complimented by theoretical calculations 

of the intrinsic reaction coordinate (IRC).  The Ni+ assisted decomposition of acetone and 

its deuterium labeled analog have been measured;65, 66 the results for acetone-h6 are shown 

in the bottom panel of Figure 23.  This product growth waveform shows the expected 

behavior in accord with eq 2.7 at large absolute values of time, and the rate constant is 

directly extracted from this portion of the curve.  At times closer to 0 μs, the waveform 

deviates from this behavior and flattens into a featureless plateau, with nearly unchanging 

fragment ion intensity.  This flat region is due to an induction period caused by the 

similarly valued rate constants controlling bond activation and reorganization of the 

Ni+(Ac) cluster. 

 This comparable system follows a two-step reaction, dissociating into a single 

fragment ion at low internal energies.  The reaction commences with Ni+ activation of the 

C-C σ-bond followed by a CH3 shift across the cation to form products C2H6 and Ni+CO. 

Deuterium labeled experiments and measurement of the kinetic isotope effect indicate 

that this methyl shift rate-limits product formation.  To extract the σ-bond activation rate 

constant, a differential analysis of the rate equations that govern product formation was 

programmed into simulation software.  The program requires input of the measured rate 

constant and systematically varies another until the simulated contour overlays the 

observed growth waveform (solid curves, Figure 23).  Both kinetically important rate 
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constants are thus acquired; one through direct measurement of the fragment formation 

waveform and the second estimated through simulation. 

 The rate limiting step in the Ni+ assisted dissociation of acetone is the cation 

mediated methyl shift, and this motion is responsible for the long tailing portion of the 

waveform.  The Ni+ activation of the C-C σ-bond results in a slightly larger rate constant 

and is responsible for an induction period causing the flat, plateau area evident in the 

lowest panel of Figure 23.  This assignment is consistent with recent IRC calculations of 

the reaction coordinate.91  To differentiate these rate constants, labels such as  or 

 are used where the subscript identifies the motion, either bond activation or a group 

shift, and the superscript identifies the carrier of the motion.  Thus, for the Ni+ assisted 

decomposition of acetone, the product formation waveform (bottom panel of Figure 23) 

is analyzed to provide  = (1.3 + 0.1) x 105 s-1 and  = (0.59 + 0.02) x 105 s-1 at 

a precursor ion internal energy of 16400 cm-1. 

 The top panel of Figure 23 plots a waveform acquired in this study to draw 

comparison with the Ni+ induced decomposition of acetone (lowest panel).  Both studies 

were conducted at comparable photon energies.  The differences in the waveforms 

suggest that the Ni+ induced decomposition dynamics are markedly different for these 

two similar ketones.  The entire Ni+(C2H4) formation waveform in the top panel is 

described by eq 2.7, which implies that a single kinetically important step rate-limits the 

assisted decomposition kinetics of butanone.  This rate constant is more than 2.5 times 

larger than the same acquired during the acetone decomposition study.  Such differences 

suggest that the rate-limiting step along the dissociation reaction coordinate must be 

different for these two similar systems.  Measurements, supported by theory, identify a 
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methyl shift as the rate-limiting step in the Ni+(Ac) assisted dissociation.  Thus, on the 

basis of the differences in these two waveforms, it is concluded that an alkyl shift does 

not occur during the Ni+ induced decomposition reaction of butanone.  

 

 
 
Figure 23.  Comparison between the Ni+ assisted decomposition of butanone (top panel), 
acetaldehyde (center panel), and acetone (bottom panel) at similar internal energies.  The 
fragment ion monitored, the internal energy and the rate constant are labeled in each 
panel.  The rate constants represent the rate-limiting step in the dissociative mechanism 
of each study.  
 

 These comparison experiments eliminate possible alkyl shifts in the dissociative 

mechanism; however, to form the observed products, C-C bonds must be activated.  Such 

C-C bond activation rate constants have been estimated through simulation of the Ni+CO 

fragment production waveform resulting from the Ni+ induced decomposition of acetone.  

This rate constant,  (16400 cm-1) = 1.3 x 105 s-1, is notably similar to the rate 

constant, k (16700 cm-1) = 1.62 x 105 s-1, directly measured from the Ni+(C2H4) fragment 
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growth waveform in the top panel of Figure 23.  These similar valued rate constants 

suggest common aspects of the dissociative mechanism.  The encounter complex 

geometry in both systems has the Ni+ cation loosely aligned with the dipole moment in 

each ketone.  To initiate either decomposition reaction, sufficient energy must be 

supplied to move the Ni+ cation in opposition to the organic’s dipolar field, approach, and 

finally activate the C-C bond.  These motions likely have similar activation requirements 

and thus will have similar rate constants. 

 The posed arguments support assignment of C-C bond activation as the rate-

limiting step in the dissociation reaction of Ni+(But).  Further support for this assignment 

results from comparisons to the Ni+ assisted dissociation of acetaldehyde.68  The center 

panel of Figure 23 shows this comparative reaction measured at similar photon energy.  

As with the title study, eq 2.7 well describes the entire waveform.  It is obvious that these 

waveforms have similar shapes and rate-limiting rate constants.  The mechanism for the 

Ni+ assisted dissociation of acetaldehyde occurs via two parallel paths, aldehyde C-H and 

C-C σ-bond activation followed by elimination of methane and Ni+CO.  At the energy 

used in Figure 23, the dissociation dynamics of this system are rate-limited by bond 

activation, and the extracted rate constant is an inseparable combination of C-H and C-C 

activation.  Again, the similar rate constants and shapes of the waveforms in the top two 

panels of Figure 23 suggest common aspects between the unimolecular dissociative 

mechanisms.  This comparative study also suggests that bond activation is rate limiting.  

It is interesting to note that the rate constant extracted from the waveform in the top panel 

is also a combination of bond activation rate constants.  For the butanone system, this rate 
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constant is the summed contribution from Ni+ activation of the OC-CH3 and OC-C2H5 

bonds.  This is discussed in greater detail below. 

 
Discussion 

 
 Ni+ cation assists in the dissociation of butanone by lowering the reaction 

activation energy requirements.  This fairly new experimental technique creates the 

reactants as a jet-cooled cluster, trapped in the deep potential energy well of the 

encounter complex.  Calculations place this well depth at ∼22000 cm-1, and this bond 

energy approximates the upper limit to the reaction activation energy.  Supplying 

energies greater than this would likely break the Ni+-butanone bond re-forming the 

separated reactants.  The results here lower this upper limit to 16000 cm-1, the lowest 

laser frequency where the cation assisted reactive decay of the butanone molecule was 

sampled (Table 5). 

 
The Dissociative Mechanism 
 
 The mechanism for the activation and subsequent dissociation of the Ni+(But) 

complex must satisfy the experimental observations.  These include the following: (i) The 

reaction initiates with the encounter complex (isomer 1) of Figure 22.  (ii) The reaction 

products are given by rxn 4.2.  (iii) The mechanism must explain the common valued rate 

constants measured for the production of each fragment ion.  (iv) Finally, deuterium 

labeled experiments18, 36 on similar systems indicate that only the β-hydrogen is 

transferred during the decomposition reaction.  Figure 24 presents a possible dissociative 

mechanism that accounts for these experimental observations.  This is a variation of that 

proposed for similar systems and consists of two parallel paths to product formation.18, 36  
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This mechanism does not contain an alkyl shift, consistent with the different rate 

structure observed between the assisted decomposition of butanone and acetone. 

 The mechanism begins with the cold encounter complex that absorbs a photon of 

energy to initiate the reaction.  The photon energy must be in excess of the reaction 

activation requirements and thus represents the minimal reaction activation energy.  The 

absorbed photon energy is well below that required to break C-C bonds in the isolated 

organic and yet these bonds are severed to form the observed products.  Thus, it is the 

action of the Ni+ cation that makes formation of products possible.  The energy of the 

absorbed photon provides the activation energy for the Ni+ cation to approach either the 

OC-CH3 (methyl insertion (mi)) or OC-C2H5 (ethyl insertion (ei)) σ-bond.  At some point 

upon this approach, the electrostatic repulsions of the cation’s motion counter to 

butanone’s dipolar field is compensated by the chemical bonds formed with the two 

carbon atoms.  These transition state structures appear consistent with Guo’s DFT 

calculation of the IRC followed during the Ni+ assisted decomposition of acetone.91  The 

atomic cation, inserted into the C-C bond, forms intermediate structures consistent with 

isomers 4 and 5 in Figure 22.  The rate constants which connect the encounter complex 

with the first intermediates are labeled k1 and k2, however, are better described as  

and , respectively. 

 Multicentered transition states form along both parallel pathways as the first 

intermediates progress to the second.  This involves migration of the β-hydrogen and 

transient formation of a Ni+-H bond.  Multicentered transition states have been previously 

calculated as likely structures that lead to exit-channel complexes such as the second 

intermediates in the proposed mechanism.91  These intermediates have the same 
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structures as isomers 2 and 3 in Figure 22 and contain the fragment ions bound as intact 

electrostatic complexes.  The conversion from the first to the second intermediate is 

limited by the formation of this multicentered transition state with rate constants given by 

 and . 

 The rate constants, k3-k5, connect the second intermediates to the ionic fragments.  

Severing electrostatic bonds are fast events and this implies that  < k4, k5 and 

  < k3.  Thus, it is the formation of these second transition states that rate limit 

this portion of the dissociative mechanism. 

 The computed energies of Figure 22 provide rationale as to why only three of the 

four possible ionic fragments are observed.  The dissociation of isomer 2 occurs along 

two pathways (Figure 22) resulting in fragments 12500 and 16400 cm-1 above the 

encounter complex.  The energy difference between these pathways is ∼4000 cm-1, and 

both fragments are observed.  Contrast this to the dissociation of isomer 3 with pathways 

separated by ∼11000 cm-1.  Here this large energetic disparity is the likely reason why 

only dissociation into Ni+(C3H4O) + CH4 is observed. 

 
Bond Activation Rate Constants  
 
 An assumption must be made to solve the mechanism and arrive at time 

dependent, fragment concentration terms.  Product formation is rate-limited by either C-C 

σ-bond activation or through the formation of multicentered transition states following a 

β-hydrogen shift.  Earlier experiments estimate values for the Ni+ assisted, σ-bond 

activation rate constants for comparable systems and these values are similar to the rate 

constants measured here from product formation waveforms (Figure 23, Table 5).  Thus,  
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the assumption that  <  is confidently made. This assumption indicates that k1, 

k2 are the rate-limiting rate constants in Figure 24. 

 The solutions to the differential rate equations that apply to the kinetic scheme 

embedded in the Ni+(But) dissociative mechanism (Figure 24) result in the following 

time dependent concentration terms: 

                                            (4.2) 

	                                           (4.3) 

	                                         (4.4) 

Again, the C-C bond activation rate constants, k1 and k2, are assumed to rate-limit the Ni+ 

assisted dissociation of butanone.  This assumption places the time dependent 

concentrations of the Ni+ inserted intermediates, Bt and Ct, in steady state, allowing the 

simple derivation of the fragment time dependent concentration terms that are sampled 

directly in this study: 

	                                             (4.5) 

	                                        (4.6) 

	                                        (4.7) 

Equations 4.5-4.7 indicate that each fragment channel, measured at the same internal 

energy, will exhibit the same exponential growth waveform (as is observed in Figure 21 

and Table 5).  The observed rate constant, extracted from linear analysis of each growth 
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waveform, is a combination of the OC-CH3 (k1), and OC-C2H5 (k2), Ni+ induced bond 

activation rate constants of butanone. 

 Examination of eqs 4.5-4.7 indicates that the ratio of eq 4.5 to the sum of eqs 4.6 

+ 4.7 yields the rate constant ratio, k1/k2, at any time. 

	                                               (4.8)  

Thus, the measured ratio of the (Ni+(C3H4O)) fragment ion intensity relative to the sum 

of (Ni+(C2H4) + Ni+(CH3CHO)) fragment ion intensities provide the ratio of the C-C σ-

bond activation rate constants.  The intensity ratios could be determined from the 

fragment ion intensities in non-normalized growth waveforms; however, these 

independent measurements are separated by hours or sometimes days.  Slightly changing 

source conditions occurring over long periods of time adversely affects precursor stability 

and fragment intensity ratios.  Rather, fragment ion intensities measured during sector 

voltage scans (top panel, Figure 19) are less subject to long-term precursor instability.  

These scans require 20-30 min and provide consistent measures of fragment ion intensity 

ratios.  Thus, integrated area ratios of the three peaks in panel B of Figure 19 provide the 

ratio of the bond activation rate constants in accord with eq 4.8.  No obvious energy 

dependence in this ratio of integrated intensities is observed. The k1/k2 values average to 

0.40 + 0.03.  

 This integrated intensity ratio, together with the averaged measured rate constants 

(k1 + k2), are solved simultaneously to determine each unique OC-CH3 and OC-C2H5 σ-

bond activation rate constant.  These values are recorded in Table 5. 

 According to the proposed mechanism, the dynamics assumed from comparative 

studies, and the resulting values of the measured rate constants; the dissociative path that 
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initiates with Ni+ activation of the OC-C2H5 bond is the lower energy path leading to 

products (  < ).  This is consistent with the known thermochemistry of 

butanone decomposition.  The ΔH values for the decomposition reaction of isolated 

butanone into C2H5CO + CH3 is ∼1200 cm-1 higher in energy than for the decomposition 

into CH3CO + C2H5.36 

 
Conclusions 

 
 The rate constants for the Ni+ assisted decomposition of butanone have been 

measured directly for the first time.  The assisted dissociation dynamics are considerably 

more complicated than that observed for the simpler ketone, acetone, where only a single 

decomposition product was observed.  This present study yielded three different observed 

products from the unimolecular decomposition reaction, and their temporal evolution was 

measured.  Comparison to the simpler acetone system, as well as to the assisted 

dissociation of acetaldehyde, allowed assumptions to be made concerning the 

dissociation dynamics of the title Ni+(But) decomposition.  This was that C-C σ-bond 

activation rate-limits product production.  A mechanistic picture ensues that supports the 

experimental observations.  This mechanism follows parallel reaction pathways to 

product formation. 

 A differential treatment of this mechanism provided time dependent concentration 

terms, which, in combination with fragment integrated intensities, established the bond 

activation rate constant for each leg of the parallel dissociative mechanism.  

Computations at the B3LYP/6 311++G(d,p) level of theory compliments these 

experimental results. 
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CHAPTER FIVE 

 
Kinetic Measurements and Mechanistic Detail of Ni+-Assisted dissociation of the C-O  

bond in Diethyl Ether  
 
 

Introduction 
 

 Relatively few studies of bare transition metal ions reacting with ether in the gas 

phase have been published.  To date, a common mechanism has been proposed for the 

ion-assisted decomposition reaction.  It involves initial C-O metal insertion followed by a 

-hydrogen shift from either side of the oxygen to generate alkenes and alcohols.  For 

instance, Allison and Huang studied the reactions of Cr+ and Fe+ with diethyl ether, using 

ion cyclotron resonance (ICR).129  The reactions yielded four products for Fe+: M+C4H8O, 

M+C4H4O, M+C2H6O, and M+C2H4 along with the corresponding neutrals.  Only one 

product was observed for Cr+, M+C4H4O.  The authors proposed a mechanism consisting 

of two paths with the metal ion inserting into the C-O bond as the common starting point. 

 ICR studies by Freiser and coworkers18 reported the same four products for Fe+ 

and acquired the product distribution summarized in Table 6.  They also studied the 

reaction of Cu+ with diethyl ether.  This comparative study found that the only 

decomposition product observed was CuH and the corresponding oxocarbenium 

(C4H9O
+).  Later, the reactions of Fe+, Ni+ and Co+ with diethyl ether were studied by 

Tolber and Beauchamp using collision induced dissociation in a tandem mass 

spectrometer.102  The product distributions are recorded in Table 6.  Three similar 

products were reported for Fe+, Co+, and Ni reacting with diethyl ether.  Additionally, 
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Co+ and Ni+ produced the MH neutral cluster at fragments yield of 31% and 81% 

respectively.  The M+C4H8O fragment was not observed for Fe+. 

 
Table 6.  Product distribution for the reaction of a metal cation with the diethyl ether 

(C4H10O).  Blanks indicate that product was not observed. 
 

product Fe+ Co+ Ni+ 
     

M+C2H6O + C2H4 47 64 39 13 

M+C4H4O + C2H6 23 20 8 1 

M+C2H4 + C2H6O 23 16 11 4 

M+C4H8O + H2 7    

C4H9O
+ + MH   31 81 

 
 
 Isolated, gaseous diethyl ether molecules photolyze producing free radicals.116  

The observed products following UV irradiation of gaseous diethyl ether130,  131 

(C2H5OC2H5) are provided in rxn 5.1.  

	 	 →
∙ 	 ∙

	
	

                                    (rxn 5.1) 

 The systems we have studied thus far involve the Ni+-assisted dissociation of 

ketones and aldehydes.  These results have established the rate-limiting step along the 

reaction coordinate that connects reactants to products.  Here, we present the Ni+ assisted 

unimolecular decomposition of the diethyl ether molecule (Ni+(DEE)).  This represents 

our first kinetic measurement of oxidative addition to a C-O -bond.  The results will 

serve to determine the rate limiting step of the reaction, and suggest the energy of 
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activation.  These results acquired here provide useful insights into the likely mechanism 

for this ion-assisted dissociative reaction. 

 
Preliminary Results 

 
 Formation of the title complex has been explained in detailed in chapter 2.  

Gaseous nickel cations are formed by ablating a solid nickel rod with a focused pulse 

laser radiation (248 nm) under high vacuum conditions.  A high pressure, pulse helium 

plume (doped with the vapor pressure of diethyl ether) is timed to entrain and cool the 

vaporization products through supersonic expansion into vacuum.  The substantial 

number of collisions between the doped carrier gas and Ni+ ensures the formation of the 

title Ni+(DEE) complex.  Product ions are skimmed twice and enter a Willey-McLaren74 

orthogonal accelerator (OA) located at the entrance to the time of flight mass 

spectrometer (TOFMS).  The common kinetic energy imparted to the ions permits mass 

separation through the TOFMS.  The separated ion packets are transmitted through the 

hemispherical kinetic energy analyzer (or sector) and strike a microchannel plate detector 

located at the terminus of the sector. 

 Preliminary results confirm the formation of the title complex Ni+(DEE).  

Precursor mass spectra shown in Figure 25 is rather clean; the low-mass side contains the 

reaction products Ni+(C2H5OH) and C4H9O
+ associated with the title decomposition 

reaction measured at single mass unit resolution.  It also shows the 58 and 60 amu 

isotopes of Ni+.  The oxocarbenium ion (C4H9O
+) is one mass unit lighter than the diethyl 

ether cation.  The high-mass side contains higher order clusters of the title complex as 

well as oxocarbenium ion clusters.  
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Figure 25.  Typical Ni+(DEE) precursor time-of-flight mass spectrum. 
 
 

 The fragment ion transmission profile resulting from the laser induced 

dissociation of the Ni+(DEE) precursor ion is shown in Figure 26.  Here, intense pulsed 

laser radiation (20 mJ of 16000 cm-1, 625 nm) intersects the molecular beam ∼3 μs 

before the precursor ions enter into the OA.  The indicated products form at least 4.5 μs 

(3 + 1.5 μs required to traverse the OA) after photon absorption.  Fragment product ions 

generated in this fashion result from the relatively slow, reactive decay of the Ni+(DEE) 

cluster.  In the reactive decay, single photon absorption initiates the reaction generating 

products by bond cleavage and rearrangement of atoms.  Thus, this process is relatively 

slow compared with photolysis.  Here, the dissociative product observed in high yield is 

Ni+(C2H5OH), while the other two products Ni+(C2H4) and C4H9O
+ are observed at lower 

yields.  It is noteworthy that there is no transmission of Ni+.  Photoabsorption occurs 

prior to right angle extraction in the OA suggesting that formation of Ni+ results from fast 

photolysis of the precursor ion. 
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photoemission to the ground state is optically forbidden (within the dipole 

approximation) and energy cannot be removed through simple Ni+-diethyl ether bond 

cleavage.  Rather, the excited state likely intersystem crosses to the ground potential 

surface, depositing the energy of the electronic transition (or the photon energy) into the 

high vibrational levels of the ground state.  Energy deposition into these high vibrational 

states provides the activation energy for the observed unimolecular dissociation reaction.  

Thus, the photon energy represents the amount of internal energy available for reaction 

and if this energy is in excess of the activation requirements, precursor ions dissociate 

into fragments.  The excited cluster ions experience unimolecular decay with the 

precursor concentration developing in time according to eq 2.7. 

 
Table 7.  Bond dissociation energies (BDE, cm-1) of various Ni+ complexes.  

 
Ligand Bond 

C2H4 16100 a, 15400 + 700b  

C2H5OH 17200 a 

(C2H5)2O 18700 a 

a This study, computed at the B3LYP/ 6-311++G(d,p) level of theory and zero point 
energy corrected b Reference 87 
 
 
 The laser induced reactive decomposition of Ni+(DEE) results in formation of 

three charged products (Figure 26).  The observed fragment ions with the corresponding 

neutral species are provided in rxn 5.2: 

	 →
		

                                                    (rxn 5.2) 
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To measure the dissociation kinetics of these reactions, laser radiation is directed toward 

the counterpropagating molecular beam while selecting the sector to transmit one of the 

fragment ions.  The intensity of each fragment (integrated through the TOF) is recorded 

as the timing difference between trigger commands to fire the OA, and the Nd:YAG 

pumped dye laser is scanned.  A waveform typical of this study is presented in Figure 27.  

Here, the precursor ion absorbs 16000 cm-1 of photon energy, as the Ni+C2H5OH product 

channel is independently sampled.  The time scale is most conveniently defined as 

negative time values, and time zero represents the coincident firing of the dye laser and 

OA.  Each point is the average of 100 experiments or 10 s of data acquisition.  

 The entire waveform of Figure 27 is well-described by the exponential character 

of eq 2.7.  The rate constant (provided in the figure) is acquired by plotting the natural 

logarithm of the fragment ion intensity vs time and extracting the slope through linear 

regression analysis.  The regression constant is used to construct the solid curves through 

the observed points in the figure. 

 A possible mechanism that accounts for the reaction products is presented in 

Figure 28.  This proposed mechanism is a combination of those suggested by Allison et 

al. and Freiser’s independent studies.  It begins with the Ni+-O(C2H5)2 dipole bound 

encounter complex (EC).  After absorption of a visible laser photon, the cluster has 

sufficient internal energy to initiate chemical reaction.  This energy is well below that 

required to break the C-O bond in the isolated organic.  The energy of the absorbed 

photon provides sufficient internal energy to the cluster, enabling the Ni+ cation to 

approach the O-C -bond thereby forming the first transition state (TS1).  The atomic 

cation (Ni+), inserts oxidatively into the O-C bond, forming the inserted complex (I1).  As 
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the reaction progresses to products, a second intermediate (I2) is form after -hydrogen 

migration and transient formation of Ni+-H bond.  This second intermediate (I2) is an 

ethylene molecule electrostatically bound to a Ni+(OHC2H5) complex ion.  The final step 

is breaking the electrostatic interaction to form Ni+-ethylene and Ni+-ethanol (products A 

and B) with their corresponding neutrals.  The more interesting dissociative channel is 

fragmentation into NiH + C4H9O+.  To form the oxocarbenium ion, (C4H9O
+, product C), 

TS2 undergoes some rearrangement before releasing NiH.  We believe that an alkyl shift 

likely follows the initial C-O bond activation and it will rate-limit the dissociative 

pathway. 

 

 
 

Figure 27.  Product waveform resulting from the Ni+ assisted dissociation of diethyl ether 
at photon energy = 16000 cm-1.  The trace represents the Ni+(C2H5OH) dissociative 
channel.  The solid curve through the points is calculated from the constants of a linear 
analysis of the waveform intensity.  The internal energy and the extracted rate constant 
are indicated in the figure. 
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 A theoretical study has been conducted to support the mechanism.  DFT at 

B3LYP/ 6-311++G(d,p) level of theory was used to determine the relative energies of the 

structures presented in Figure 29.  Structures for reactants, products and intermediates 

were optimized.  Frequency calculations were carried out at the same level to estimate the 

zero point energy (ZPE).  The parenthetical terms in Figure 29 are ZPE corrected 

wavenumber energies (cm-1) of the various structures and are with respect to isomer 1, 

the Ni+(DEE) cluster ion.  Isomers 1 and 3 represent electrostatic combinations of their 

dissociated fragments and have relatively deep potential energy wells.  It should be noted 

that calculations of isomer 3 failed to converge and these structures’ energies are 

approximated from the energy value computed for the separated fragments, lowered by 

the appropriate entries from Table 7.  For example, isomer 3 is the electrostatic 

combination of ethanol and ethylene bound through the Ni+ cation.  The well depth of 

isomer 3 is approximated as the averaged energy resulting from the combination of the 

separated fragments in each channel.  Here, this energy (-10100 cm-1) is that of the 

fragments (Ni+(C2H5OH) + C2H4 (6000 cm-1)) lowered by the Ni+(C2H4) bond 

dissociation energy (16100 cm-1) from Table 7. 

 The minimized energy of isomer 2 in Figure 29 indicates that this Ni+ inserted 

structure has a relatively shallow energy well and exist ∼	 7500 cm-1 above isomer 1.  

This isomer is not shown with the corresponding product since it does not connect to the 

observed photolysis products through fast, simple bond cleavage reactions.  The three 

most stable fragment ions resulting from dissociation of isomer 1 and 3 are presented in 

Figure 26.  From the products of Figure 29, Ni+(C2H5OH) represents the lowest energy 

product formed, which is consistent with the high yield observed in Figure 26. 
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Discussion 
 

 The preliminary results presented here indicate that the Ni+ cation assists in the 

dissociation of diethyl ether by lowering the reaction activation energy requirements.  

This experimental technique creates the reactants as a jet-cooled cluster, trapped in the 

deep potential energy well of the encounter complex.  Calculations place this well depth 

at ∼	 18700 cm-1, and this bond energy approximates the upper limit to the reaction 

activation energy.  Supplying energies greater than this would likely break the Ni+-

diethyl ether bond re-forming the separated reactants.  The early results here lower this 

upper limit to 16000 cm-1. 

 
Rate Limiting Step 
 
 To determine the rate limiting step in the dissociation reaction of Ni+(DEE) a 

comparative study with the well-characterized, simpler Ni+ assisted decomposition of  

acetone is drawn.65, 66  Figure 30, compares the Ni+(DEE) dissociative waveform acquired 

in this study (top panel) with Ni+-assisted dissociation of acetone (bottom panel).  In the 

top panel the regression constant is used to construct the solid curves through the 

observed points in the figure.  The solid curve through the symbols in the bottom panel is 

a calculated contour resulting from custom simulation software (explained in detail in 

chapter 3).  Both studies were conducted at comparable photon energy.  The only 

fragment ion monitored in this study is the Ni+(C2H5OH). The rate constant associated 

with the rate limiting step is k (E = 16000 cm-1) = (1.99 + 0.09) x 105 s-1.  The entire 

waveform shown in Figure 30 is described by eq 2.7, implying that a single kinetically 

important step rate limits the assisted decomposition kinetics of the diethyl ether.   
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 The mechanism to dissociate the Ni+(Ac) cluster follows a two step reaction: Ni+ 

activation of C-C -bond followed by CH3 migration.  The long time component of the 

waveform in the bottom panel (Figure 30) is described by the exponential character of eq 

2.7.  At times close to zero s the waveform flattens into a featureless plateau.  These two 

characteristics represent both processes: the activation of C-C -bond and the methyl 

shift.  The long tail portion in the waveform is associated with the rate limiting step k (E 

= 16400 cm-1) = (0.59 + 0.02) x 105 s-1 and is caused by the methyl shift.  The C-C -

bond is the responsible for the plateau.  This flat region is due to an induction time that 

delays the formation of the fragment ion.  The rate constant associated with this step is k 

(E = 16400 cm-1) = 1.31 x 105 s-1 (not shown in the figure) and was calculated through a 

simulation software.  These two relatively slow processes result in the unique profile of 

the Ni+(Ac) waveform (bottom panel of Figure 30). 

 The marked differences in the waveform shapes observed in Figure 30, suggest 

that the rate-limiting step must be different for these two systems.  The difference 

between these profiles suggests that an alkyl shift does not occur during the Ni+ induced 

decomposition reaction.  From the mechanism proposed here (Figure 28), the Ni+(DEE) 

dissociation reaction is dominated by two processes: C-O -bond activation and -

hydrogen shift.  It is clear that only one kinetically important step is observed in the 

Ni+(C2H5OH) formation waveform.  Therefore, we speculate that C-O -bond activation 

is the step that rate limits Ni+C2H5OH production in Figure 27. 

The rate constant values of both systems are compared to support this argument. 

The Ni+(Ac) rate constant resulting from the C-C -bond activation k (E =16400 cm-1) = 

1.31 x 105 s-1, is similar to the rate constant, k(E =16000 cm-1) = (1.99 + 0.09) x 105 s-1 
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directly measured from the Ni+(C2H5OH) fragment waveform (Figure 27 and 30).  The 

magnitude of the rate constants should depend on the bond dissociation energy of the -

bond.  If the C-O activation is the rate limiting step in the Ni+(DEE) decomposition 

reaction forming Ni+(C2H5OH) + C2H4, then both rate constants should be similar due to 

the comparable bond dissociation energies for C-C and C-O (~ 29000 cm-1).  However, 

the rate constant value should also scale inversely with the dipole moment of the organic.  

The dipole moments for acetone and diethyl ether are 2.91 D and 1.15 D respectively.  

From each mechanism, the encounter complex geometry in both systems has the Ni+ 

cation loosely aligned with the organic dipole moment.  To initiate either decomposition 

reaction, sufficient energy must be supplied to move the Ni+ cation in opposition to the 

organic’s dipolar field, approach, and finally activate the C-C bond.  Therefore, these 

motions have different activation requirements, resulting in different rate constant for 

both systems.  Thus, the smaller dipole moment of diethyl ether results in a slightly larger 

rate constant, as less energy is necessary to break free of the smaller dipolar field. 

 These arguments support the assignment of C-O -bond activation as the rate 

limiting step in the Ni+(DEE) decomposition reaction to form products A and B.  

Therefore, similar kinetics and rate constant values are expected for both products, 

suggesting a common path of the dissociative mechanism.  Contrarily, formation of 

product C, C4H9O
+, is expected to show markedly different kinetics.  A more complex 

rearrangement must occur to form this product, and thus the waveform would describe 

this behavior.  The rearrangement should be the rate-limiting step and therefore result in 

relatively long exponential decay is likely.  The value of the rate limiting rate constant 
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may be of similar magnitude or even smaller than the CH3 migration rate constant value 

for the Ni+(Ac) decomposition reaction.   

 

 
 
Figure 30.  Comparison between the Ni+ assisted decomposition of diethyl ether (top 
panel), and acetone (bottom panel) at similar internal energies.  The internal energy and 
the rate constant extracted from each study are indicated in the figure.  
 
 
 Additionally, there is an obvious difference of the product distribution for the 

C4H9O
+ dissociative channel when guided ion beam102 and our technique are compared.  

In our measurement, roughly 10% of the products are distributed into this channel.  This 

is significantly less than when measured using the guided ion beam method (81%).  This 

difference in product distribution could be explained with the difference in the rate-

limiting step for each pathway.  If the Ni+ assisted decomposition of diethyl ether into 

NiH + C4H9O
+ is the lowest energy path, then any experiment under thermodynamic 

control would measure this channel with the highest branching ratio. 
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Conclusions 
 

 Preliminary results for the Ni+ assisted dissociation of diethyl ether have been 

presented.  These results indicate that the Ni+ cation assists in the dissociation of diethyl 

ether by lowering the reaction activation energy requirements.  The unimolecular 

decomposition reaction predicts three products.  However, currently only the temporal 

response for Ni+(C2H5OH) has been acquired and analyzed.  Assumptions concerning the 

dissociation dynamics of the Ni+(DEE) decomposition were made by comparative studies 

with the simpler acetone system.  The C-O -bond activation is suggested to be the rate 

limiting step in the formation of Ni+(C2H5OH) and Ni+(C2H4).  From the proposed 

mechanism, formation of C4H9O
+ presents more complicated dynamics and therefore a 

change in the rate limiting step is expected. 
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CHAPTER SIX 
 

General Conclusions 
 
 

 The studies presented here describe the application of a relatively new 

experimental technique.  We have developed robust instrumentation to measure the 

kinetic parameters of transition metal ion assisted organic decomposition reactions at 

well resolved energies.  Energy resolution is essential to establish meaningful knowledge 

of kinetic barriers in a chemical process.  It is these barriers that must be overcome to 

produce products.  Results of these studies demonstrate that the transition metal ion, 

specifically Ni+, assists the dissociation by lowering the activation energy barrier to 

values significantly less than that required to cleave isolated C-C, C-H and C-O -bonds.  

The ionic cluster systems thus serve as model catalytic systems.  These experimental 

results, combined with the theoretical studies, will provide the necessary information to 

improve the design of new catalytic materials. 

 Although our technique samples the kinetics of these reactions, the properties 

measured are rather varied.  Kinetic barriers have been quantified as well as upper limits 

imposed.  Reaction dynamics have been determined through measurement of the kinetic 

isotope effect.  Together, these results provide information that allows significant insight 

into the possible mechanisms for the dissociative reaction.   
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