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ABSTRACT
Nitro containing compounds are well known energetic materials widely used in
explosives. The shock sensitivity of nitro containing explosives has been linked to energetic
properties such as bond dissociation energies, heats of formations, and molecular
electronegativities. Measuring the energetic properties of nitro containing compounds can aide in
the development and deployment of these materials, as well as influence practices in safe
handling and use. The primary focus of this dissertation is investigating the energetic properties
of nitro containing molecules using two experimental gas phase techniques.
The first part of this dissertation describes experiments carried out on a homebuilt
negative ion photoelectron imaging spectrometer. A detailed description of the construction of
this instrument is described in this dissertation. Two studies included in this dissertation
highlight the utility of photoelectron imaging. The first photoelectron imaging study was
conducted on the CH− molecule. The results from this work allowed for the determination of
fundamental properties such as the electron binding energy associated with two separate
electronic transitions corresponding to electron detachment from the 1π and 3σ orbitals of CH−.
In addition to this, analysis of the photoelectron angular distributions revealed evidence for a
temporary excited state of CH− previously undetected.
The second photoelectron imaging study focused on nitromethane anion and the dimer,
trimer, and hydrated monomer cluster anions. In this work, vertical detachment energies,
estimated electron affinities, and solvation energies for each cluster anion were identified from
the photoelectron spectra. Theoretical calculations were used to predict cluster structures with
ii

calculated detachment energies in agreement with the experimental values. This work suggests
the nitromethane clusters are formed by a single anion solvated by additional neutral molecules
held together by O…C-H interactions.
The later part of this dissertation describes collision induced dissociation and energy
resolved mass spectrometry experiments using a commercial triple quadrupole mass
spectrometer. Fragmentation pathways in copper nitrate cluster anions, nitrotoluene radical
anions, and deprotonated nitrophenols anions as well as dissociation energies were determined
from these studies. Dissociation energies were determined from threshold measurements where
the apparent cross section of a fragment was measured as a function of the collision cell voltage.
The values obtained from these works can be used in the negative ion thermochemical cycle to
provide information on corresponding neutral species and are potential useful in the field of
energetic materials.
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CHAPTER 1
INTRODUCTION
1.1 Nitro Containing Energetic Materials
Nitro (-NO2) containing compounds are an important class of highly energetic materials.
These compounds have the ability to quickly release stored potential energy.1-4 This property has
resulted in the wide use of nitro compounds in military explosives. For example, Hitler’s
Luftwaffe in World War II, used the Sprengbombe Cylindrisch 1000 bomb filled with a 15%
cyclotrimethyenetrinitramine (RDX) and 70% 2,4,6-trinitrotoluene (TNT) mixture.5 In the
Vietnam War the United States used the BLU-43/B “Dragontooth” cluster landmines made from
a nine gram mixture of nitromethane and nitroethane.6 Most recently in the War on Terror, C-4,
made of 91% RDX, has been used extensively.7
One reason nitro compounds are so widely used in the explosives industry is the chemical
stability of the compounds. Explosives made from nitro compounds can be classified as
insensitive munitions.8 These explosives are stable enough to allow transport by military
vehicles, but are energetic enough to destroy targets when detonated.9 The low shock sensitivity
of these explosives requires an external energy source to cause detonation. Typically, this
external energy source is supplied by chemical or electrical means.2
Numerous studies have been focused on the chemical decomposition processes that occur
in the detonation step.4,10,11 Currently, the general consensus is the first step in explosive
detonation must involve homolytic cleavage of the weakest bond in the molecule. In the case of
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nitroaromatic compounds, such as TNT, three major steps are thought to occur in during thermal
decomposition. These reactions are shown in Eq 1.1a-c for o-nitrotoluene and include (a) C-NO2
homolysis, (b) isomerization of the NO2 to an ONO, nitrite group, resulting in elimination of
NO•, and (c) attack of the methyl substituent to form –NO2H, ultimately resulting in the loss of
water. 4,10,11

→

→

•

→

→

+

•

(1.1a)
•

•

+

•

(1.1b)
(1.1c)

The shock sensitivity, or ease with which the explosives can be detonated, has been linked to
the amount of energy required to cause homolytic cleavage of the C-NO2 bond.4 Understanding
the shock sensitivity of explosive compounds is critical to developing new explosives as well as
implementing proper handling and ordnances for dealing with explosive materials. Rice et al.
calculated C-NO2 bond dissociation energies (BDEs) for a variety of nitroaromatic molecules
and discovered a rough correlation between the logarithm of the impact sensitivity and the
calculated BDEs.12 In molecules where the C-NO2 bond is the weakest, the dissociation energy
can be used to index the relative sensitivity.3 Song reported the weakest BDE scaled by the total
molecular energy serves as a reasonable indicator of explosive sensitivity.4 In addition to the
bond dissociation energies, numerous other properties of individual nitro and nitrate containing
molecules, such as vibrational states of the molecule,13,14 molecular electronegativities,15,16 heats
of reaction,17 and partial atomic charges5,16,18-20 have been linked to explosive characteristics.
These works motivate the need to understand and measure the energetic properties of nitro
containing molecules to advance the understanding of these explosive materials.
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1.2 Energetic Properties
Energetic properties, such as bond dissociation energies, are vital to understand the
relationship between chemical reactions (explosions) and energy. A fundamental understanding
of these energetic properties is necessary to fully understand any chemical process. Energetic
quantities of specific interest to this dissertation are illustrated in Figure 1.1. The energy
difference between a neutral species and the anionic species is known as the electron affinity
(EA). The EA is typically positive for a system that forms a stable anion. This implies the anion
is lower in energy than the neutral species. The adiabatic detachment energy (ADE) is another
term for electron affinity. The ADE values are identified by determining the energy associated
with the transition from the ground vibrational state of the anion to the ground vibrational state
of the neutral. Occasionally, it is not possible to accurately measure the energy associated with
this transition. In these cases the vertical detachment energy (VDE) is a useful quantity. The
VDE is the energy associated with the transition from the ground vibrational level of the anion
species to the most populated vibrational energy level of the neutral species. The VDE
corresponds to the transition with the greatest Franck-Condon overlap. Another way of thinking
about the VDE is the amount of energy required for the near instantaneous removal of an
electron from the anion.
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Figure 1.1: Schematic potential energy curves showing the definitions of thermochemical
quantities extracted from photoelectron spectra (inset on the top right). The electron affinity
(EA), also known as the adiabatic electron detachment energy (ADE), is described in by the blue
pathway. The vertical detachment energy (VDE) is described by the red pathway.

The relationship between the electron affinity of a molecule and the bond dissociation
energy of the molecule can be expressed by the negative ion thermochemical cycle. This
relationship is summarized in Eq. (1.2)
+

+

(1.2)

where D0(AB) represents the bond dissociation energy of molecule AB, EA(AB) is the electron
affinity of AB, D0(AB-) is the dissociation energy of the anion AB-, and EA(A) is the electron
affinity of the neutral fragment A. Figure 1.2 shows the dissociation energy for the neutral
species is obtainable from measurements made on the corresponding anionic species. This is
particularly important because it is considered difficult to directly measure bond dissociation
energies for neutral species using traditional techniques such as bomb calorimetry.
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Figure 1.2: Negative ion thermochemical cycle illustrating the relationship between bond
dissociation energies (D0) and electron affinities (EAs) of a generic molecule (AB) and its
corresponding anion (AB−).

1.3 Experimental Measurements of Energetic Properties
Two experimental techniques have been utilized in this dissertation for the purpose of
measuring energetic properties of nitro containing molecules. Photoelectron Spectroscopy (PES)
allows for the measurement of electron affinity and vertical detachment energies. Energy
Resolved Mass Spectrometry (ERMS) can be used to measure the bond dissociation energies of
specific anions. The combination of these two experimental techniques allows for the completion
of the negative ion thermochemical cycle, therefore, providing a method to determine the bond
dissociation energies of neutral nitro containing compounds. Detailed descriptions of each
experiment are provided in Chapter 2.
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1.3.1 Photoelectron Spectroscopy
Photoelectron spectroscopy is based on the photoelectric effect. If an anion, AB-, absorbs
energy from a photon, hv, the excess electron, e-, can be ejected from the molecule. This process
is described in Eq. (1.3).
+

→

+

(1.3)

If the energy absorbed from the photon is greater than the electron binding energy of the
molecule, the electron is ejected with excess kinetic energy according to the law of conservation
of energy and the photoelectric effect. This is illustrated in Eq. (1.4)
(1.4)
where eKE is the electron kinetic energy, hv is the energy of the absorbed photon, and eBE is the
electron binding energy. Recording the kinetic energy distribution of the ejected electrons, PES
allows for the determination of the electron affinity.

1.3.2 Energy Resolved Mass Spectrometry
ERMS relies on the dissociation of a mass-selected precursor anion through collision
with an inert target gas. A generic collision reaction is shown in Eq. (1.5)

"

+ !→"
#∗ →

+

#∗ + !

(1.5)

where AB− is the precursor anion, Ar is the inert target gas, A is the neutral fragment, and B− is
the anion fragment. The apparent cross section is measured in the center-of-mass frame as a
function of the collision energy. The threshold energy, E0, is taken as the minimum amount of
energy needed to cause the dissociation energy. This energy is treated as the bond dissociation
energy of the anion. Accurate bond dissociation energies can be extracted from the apparent
6

cross sections by correcting for kinetic shifts using RRKM theory.21 The kinetic shift corrections
account for slow fragmentation process occurring on a timescale slower than the experiment.
Additional terms included are internal and translational energy distributions. The bond
dissociation energies determined in the ERMS studies, coupled with the electron affinity values
measured in the PES studies, allows for the completion of the negative ion thermochemical
cycle. The completion of this cycle allows for the determination of neutral bond dissociation
energies which have been previously mentioned as crucial to understanding the shock sensitivity
of nitro containing explosives.

1.4 Dissertation Overview
The remaining portion of this dissertation is divided into seven chapters. Chapter 2
provides a description of the experimental methods and data analysis procedures utilized in this
dissertation. The newly constructed photoelectron imaging spectrometer used in Chapters 3 and
4 is described first. The experimental apparatus used in the mass spectrometry experiments,
discussed in Chapters 5 -7, is described in the later part of Chapter 2. Chapter 3 is a functionality
study using the photoelectron imaging spectrometer. This chapter is based on the first study,
focused on the photoelectron angular distributions of CH-, completed on the photoelectron
imaging spectrometer. Solvation effects in nitromethane cluster anions are investigated using the
photoelectron imaging spectrometer in Chapter 4. This work demonstrates the ability of the
photoelectron imaging experiment to measure energetic properties such as solvation energies,
vertical detachment energies, and estimated electron affinity values. Chapters 5 -7 focus on
ERMS and collision induced dissociation mass spectrometry experiments. In Chapter 5, the C-N
bond dissociation energies of the radical anion forms of nitrobenzene and the three nitrotoluene
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isomers are measured. Chapter 6 is a continuation of Chapter 5 to include nitrophenoxide radical
anions. Chapter 7 is the first in a series of studies focusing on transition metal nitrate cluster
anions. This chapter focuses on the fragmentation pathways and metal chemistry of copper
nitrate cluster anions. The key results from Chapters 3 – 7 are summarized in Chapter 8.
The body of work reported in this dissertation is based on the following publication list.
Deepest gratitude is expressed to all coauthors.
Chapter 3
B. Bandyopadhyay, C. J. Pruitt, and D. J. Goebbert, J. Chem. Phys., 138, 201101 (2013).
Chapter 4
C. J. Pruitt, R. M. Albury, and D. J. Goebbert (to be submitted to Chem. Phys. Lett.).
Chapter 5
C. J. Pruitt and D. J. Goebbert, Chem. Phys. Lett., 580, 21 (2013).

Chapter 6
C. J. Pruitt, K. Benham, B. Bandyopadhyay, and D. J. Goebbert, Chem. Phys. Lett., 614,
192
(2014).
Chapter 7
C. J. Pruitt and D. J. Goebbert, J. Phys. Chem. A, 120, 4755 (2015).
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CHAPTER 2
EXPERIMENTAL SETUPS AND DATA ANALYSIS

2.1 Overview of Negative Ion Photoelectron Imaging Spectrometer
The imaging experiments described in Chapters 3 – 4 were carried out on the negative
ion photoelectron imaging spectrometer described in the remainder of this chapter. The imaging
apparatus was built in-house with assistance from The University of Alabama College of Arts
and Sciences Machine and Electronic shops. The fundamentals of this instrument can be traced
back to Lineberger,22 Chandler and Houston,23 Eppink and Parker,24 and Sanov.25 A schematic
of the negative ion photoelectron imaging spectrometer is shown in Figure 2.1.
In this experiment, a sample gas is introduced into the apparatus through a pulsed valve,
creating a supersonic expansion. An ion source (discharge or electron gun) creates an electrically
neutral plasma. Anions in this plasma are extracted into a time-of-flight mass spectrometer
(TOF-MS).26 These anions are propelled down the flight tube by a set of extraction plates. Just
before entering the flight tube, two sets of deflectors and an Einzel lens help to steer and focus
the anions. An in-line detector allows for the detection of the anions. The resulting spectrum is
the time-of-flight resolved masses. A pulsed laser can be timed to overlap with a specific packet
of anions. The overlap between the anion packet and laser causes electron detachment from the
anion. These detached electrons are known as photoelectrons.
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Figure 2.1: Instrumental schematic of the negative ion photoelectron imaging spectrometer used in Chapters 3 – 4. Figure made by
Mr. Bradley Smith (The University of Alabama).
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The velocity map imaging (VMI)23,24 assembly, perpendicular to the ion flight path, allows for
the detection of the detached photoelectrons with a position sensitive detector. A charge coupled
device (CCD) camera is utilized to record the photoelectron images produced from the detached
photoelectrons striking the imaging detector.

2.2 Vacuum Hardware
The instrument is made of two differentially pumped sections, the ion source
chamber/flight tube and the detection region. The entire vacuum chamber is made of 304L
stainless steel. A schematic of the vacuum chamber is shown in Figure 2.2. The source chamber
is held under vacuum by a diffusion pump (DP) (Oerlikon Leybold, model DIP 3000) with a
nominal pumping speed of 3000 l/s for air. The DP is mounted to a tee. A 10” pneumatic gate
valve (VAT, Series 121) separates the tee and the source chamber to prevent oil contamination of
the source region. Santovac 5 pump oil is utilized in the DP to minimize back-streaming. A
rotary vane mechanical pump (Oerlikon Leybold, model D40B) with a pumping speed of
40 m3/hr acts as the backing pump. The DP is water-cooled by a chiller (Dimplex Thermal
Solutions, model 1000MM-JT). When operating the DP, the baseline pressure of the source
region is 1 x 10-6 Torr. The detection region is isolated from the flight tube by another pneumatic
gate valve (A&N Corporation, GV600-CF-E-P). Turbo molecular pumps (TMPs) (Oerlikon
Leybold, Turbovac TMP 361), with nominal pumping speeds of 400 l/s, are mounted directly to
8” conflate (CF) flanges in a parallel configuration in the detection region. Rotatory vane
mechanical pumps (Oerlikon Leybold, D16B) with pumping speeds of 16 m3/hr back each TMP.
The same water chiller used to cool the DP is employed to cool the TMPs. The baseline pressure
of the detection region is 1 x 10-8 Torr.
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Figure 2.2: Schematic drawing of the vacuum chamber housing the negative ion photoelectron imaging spectrometer. A 10” diffusion
pump is used to evacuate the vacuum chamber. Turbo molecular pumps are used to achieve ultra-high vacuum conditions.
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2.3 Ion Sources
A sample gas is introduced into the vacuum chamber via supersonic expansion from a
pulsed solenoid valve (General Valve, Series 99) with a nozzle orifice of ~ 800 µm and a conical
half-angle of 45°. The magnetic force generated by the solenoid lifts a spring-loaded PEEK
poppet to open the valve. An IOTA ONE high speed valve driver (Parker Hannifin Corp.,
General Valve, model DG535) controls the firing of the valve. The valve is triggered externally
by a TTL pulse (T0) from a delay generator (Stanford Research Systems, Inc., model DG535).
Typically, the valve operates at a frequency of 10 Hz, and is opened for approximately ~120 –
130 µs. When the valve is operating the pressure in the source chamber is 1-2 x 10-5 Torr, while
the pressure in the detection region is approximately 4.5 x 10-7 Torr.
An electron gun (Kimball Physics Inc., EGPS-1017B) is mounted in line with the pulse
valve. A high current (~3.5 Amps) is passed through a bent tungsten filament, heating the
filament. Thermionic emission from the filament produces a high energy (1 keV) electron beam
that penetrates through the supersonic expansion, resulting in slow secondary electrons from an
ionized sample, S. This process is shown in Eq. (2.1).
%+&
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(2.1)

Energetic anions, S−∗, are produced by secondary electron attachment to the neutral species, Eq.
(2.2).
6+

789: → 6

∗

(2.2)

The nascent anions can energetically relax by three mechanisms, Eq. (2.3)
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If the stabilization pathways are not accessible to the anion, the excess electron will be lost. The
plasma generated from the supersonic expansion is electrically neutral. This implies the high
energy electrons are scattered out of the jet. The slow moving electrons cool in the expansion
through inelastic events.27 Low energy ion-neutral collisions allow for the formation of other
anionic species.
Discharge ionization sources, with a variety of electrode geometries, have also been
developed. These discharge sources are designed to be attached directly to the face plate of the
pulse valve. As the gas exits the pulse valve it passes through an electrical discharge generated
by applying a high voltage to one electrode while keeping the other electrode at ground potential.
Anion formation proceeds through similar processes described in Eq. (2.3).

2.4 Time-of-Flight Mass Spectrometer
A Wiley-McLaren TOF-MS serves as the mass analyzer.26 The TOF-MS consists of an
acceleration region, ion optics, a field free flight tube, and detector. Approximately 6”
downstream from the nozzle, the expanding gas containing the synthesized anions enters the
TOF-MS orthogonally between the repeller and acceleration plates. Separate high voltage pulse
generators (Directed Energy Inc., model PVX-4140) pulse the potential (rise/fall time < 25 ns)
applied to the repeller (-3.40 kV) and acceleration (-2.47 kV) plates. Each plate is made of
stainless steel with a diameter of 3” and a thickness of 0.04”. The acceleration plate has a 0.5”
diameter hole in the middle of the plate covered by a fine nickel mesh, 70 wires per square inch
(Precision Eforming, LLC., 90% maximum transmission). The repeller and ground plates are
14

separated by 1” PEEK insulators. The potential applied to these plates provides the kinetic
energy needed for the anions to reach the detector at the end of the flight tube. As the anions
leave the acceleration region, they are referenced to a ground potential by passing through a
grounding plate. The grounding plate is made of aluminum with a diameter of 4.75” and a 0.25”
thickness. The plate is coated in Aquadag (Thor Labs, AQE32), a colloidal graphite coating, to
reduce oxidation of the plate. A nickel mesh is also attached to this plate. The grounding plate is
separated from the acceleration plate by a 1” Teflon block. Two sets of deflectors (vertical and
horizontal) and an Einzel lens focus the anions in the ion optic region. The deflectors are
separated from the grounding plate by 1” PEEK insulators. The deflectors and Einzel lens are
made of aluminum and coated in Aquadag. The deflectors each measure 2.25” x 1” x 0.25”. The
Einzel lens is made of three separate spools 3” in diameter with a hole 1” in diameter in the
center of each spool. The spools each measure 1.5” in height. The first and third spools are
grounded, while the second spool is wired to a high voltage power supply (Gamma High Voltage
Research, RMCR5R). The deflectors and Einzel lens are electrically isolated using 0.5” PEEK
insulators. Before exiting the ion optics region, the anions are once again referenced back to a
ground potential by the third spool of the Einzel lens. This allows us to avoid electrically floating
the flight tube. Anions traverse the flight tube and strike a chevron-type dual microchannel plate
detector (Burle, Inc.) at the end of the flight tube, 96” from the repeller plate. The MCP detector
is 40 mm in diameter and is composed of front and rear MCPs, and an anode plate. In order to
power each part of the detector a voltage divider is used in conjunction with a high voltage
power supply (Gamma High Voltage Research, RMCR3R). The input voltage (+VINPUT) is
divided so the anode plate receives VOUTPUT, the rear MCP receives VOUTPUT– 200 V, and the
front MCP receives 66% of VOUTPUT. Figure 2.3 shows the electrical schematic for the voltage
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divider box constructed in house. The output signal from the anode plate is sent to a 100MHz
preamplifier (Phillips Scientific, Model 6931). The amplified signal is recorded on a 300 MHz
digital oscilloscope (Rigol, Model 3012) where it is then transferred to a computer for analysis.
The acquired spectra can be converted from the time-of-flight to the mass scale using Eq. (2.4)
1

H NPO
0 L M + 1Q
B

(2.4)

where t is the time-of-flight for the anion, a is a proportionality constant, m/z is the mass-tocharge ratio for the anion, and t0 is the initial time-of-flight constant. The values for a and t0 are
determined by recording the flight times for two anions, t1 and t2, with known m/z ratios, m1/z
and m2/z. This allows a system of two equations with two unknowns to be solved for a, Eq.
(2.5), and t0, Eq. (2.6).
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Figures 2.4 and 2.5 show sample spectra plotted in the time-of-flight scale and mass scale,
respectively.
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(2.5)
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Figure 2.3: Circuit diagram of the bias network for the ion detector. A regulated -200 V voltage
drop between the VANODE and VOUTPUT is regulated by the Zener diode. Two 2200 pF capacitors
in parallel provide the 4400 pF capacitance. This blocks the HV DC component of the anode,
allowing the AC component to travel to the preamplifier.
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Figure 2.4: Time-of-Flight scale mass spectrum obtained using the negative ion photoelectron
imaging spectrometer
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Figure 2.5: Mass-to-Charge scale mass spectrum. The spectrum in Figure 2.4 was converted to
the mass-to-charge scale using Eqs. (2.5) and (2.6).
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2.5 Laser System
A Q-switched, pulsed Nd:YAG laser system (Continuum, Surelite II-10), operating at
10 Hz with an average pulse width of 5 ns, acts as the primary light source in the imaging
experiments. The fundamental wavelength, 1064 nm, of this laser can be doubled (532 nm),
tripled (355 nm), or quadrupled (266 nm) using harmonic crystals (KTP). The maximum energy
and power outputs for each wavelength are reported in Table 2.1. In a typical experiment ~30%
of the maximum power is utilized. An optical parametric oscillator (OPO) is also available for
use in imaging experiments. The OPO provides coherent, broadband radiation from 410 nm –
2,630 nm (± 5 nm) when pumped by 355 nm light. This allows for the production of tunable
radiation throughout a significant portion of the electromagnetic spectrum. The average energies
for the OPO range from 5 mJ/pulse to 15 mJ/pulse.
The laser and ion beams overlap approximately 18” before the TOF-MS detector. The
laser light, which is linearly polarized, is coplanar with the ion beam, and enters the apparatus
perpendicular to the ion beam. Fused silica windows cut at the Brewster’s angle (55.5°) act as
entrance and exit ports for the laser beam. Cutting the windows at the Brewster’s angle allows
for the reduction of reflective losses at the air/glass interface. A beam dump mounted on the air
side of the exit window collects the remaining light.

Table 2.1: Power and energy measurements for pulsed Nd:YAG laser used in photoelectron
imaging experiments.
Wavelength (nm) Energy (mJ/pulse) Power (W)
1,064
630
6.3
532
310
3.1
355
180
1.8
266
100
1.0
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2.6 Velocity Map Imaging Assembly
Photoelectrons detached from mass-selected anions are detected using the velocity-map
imaging (VMI) assembly.24 The current VMI stack combines the imaging technique developed
by Chandler and Houston23 with the VMI arrangement introduced by Parker and Eppink.24 The
VMI assembly, surrounded in µ-metal, is located in the detection region of the instrument. The
assembly consists of imaging plates, field-free electron flight tube, nickel mesh, µ-metal
shielding, and a position sensitive MCP detector. Oxygen-free high conductivity (OFHC) copper
was used to make the three imaging plates: (1) repeller, (2) acceleration, and (3) grounding. Each
plate is electrically isolated from one another by 1” PEEK insulators and measures 3” in
diameter and 0.03” in thickness. The acceleration and grounding plates have 1” diameter holes in
the center of the plates. The laser and ion beams overlap in the space between the repeller and
acceleration plates. Negative potentials applied to the repeller plate help to accelerate
photoelectrons produced from the laser and anion overlap through the center of the plates. The
photoelectrons then travel through the field free electron flight tube attached to the grounding
plate. The µ-metal shielding helps protect the photoelectrons from magnetic fields. Nickel mesh
is secured to the end of the field free electron flight tube to shield the photoelectrons from the
potential at the front of the imaging detector. When photoelectrons strike the surface of the
imaging detector, the position is recorded on a position sensitive dual chevron-type MCP
attached to a P43 phosphor screen anode and fiber optic vacuum window (Burle, Inc.) The
imaging detector is 40 mm in diameter. The potential applied to the first MCP is + 2 kV. The
second MCP is supplied with a + 3 kV potential. The potential difference between the two MCPs
is increased to ~2 kV using a +1 kV pulse (Directed Energy Inc., Model PVX-4150) for
approximately 350 ns during the photodetachment process. This allows for noise discrimination.
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The phosphor screen has a constant potential of +6.5 kV applied. Figure 2.6 is a schematic of
the RC circuit used to control the potentials applied to the imaging detector. A charge-coupled
device (CCD) camera (The Imaging Source, DMK 41BU02.H) captures images of the phosphor
screen as the photoelectrons strike the surface of the detector. The camera has 1280 x 960 pixels
and is controlled through a IEEE 1394 (FireWire) connection. Images are acquired at 10 frames
per second. Approximately 30,000 laser shots are collected for a single image to produce a good
signal to noise ratio. A LabVIEW program written in-house is used to compile and save the
collected photoelectron images.
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Figure 2.6: Circuit diagram of the bias network with gated gain for the imaging detector. Voltage
is applied to the first MCP plate using the VINPUT. Additional voltage is applied to the output of
the second MCP using VOUTPUT. Approximately 6.5 kV is applied to the P43 screen.
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2.7 Triggering Sequence
The timing sequence is triggered externally from the pulse valve driver (IOTA One Valve
Driver), T0. This output is wired through a BNC connection to the input of a low jitter digital
delay generator (Standford Research Systems, Model DG645). The delay generator is used to
control the rest of the timing sequence. The timing scheme for the imaging experiment is shown
in Figure 2.7. The pulsed voltage applied to the TOF-MS, Channel A, is triggered ~ 500 µs after
the rising edge of T0. The voltage is applied to the TOF-MS plates for approximately 330 µs. The
timing of the laser Q-switch and flash lamp are controlled by Channels C and E, respectively.
The flash lamp flashes ~210 µs before the Q-switch is opened. This value is held constant during
an experiment, but can be adjusted to higher or lower values to change the power of the laser.
The timing of the Q-switch opening is adjusted to overlap with a specific anion packet by
adjusting the delay between Channels C and A. Typically, the overlap between the laser and the
mass selected anions occurs 5 – 15 µs before the anions hit the TOF-MS detector at the end of
the flight tube. Good overlap between the laser and anion packet results in the detachment of
electrons. Consequently, neutral molecules are also produced. The intensity of the neutral
molecule signal, used to determine if there is good overlap between the laser and anions, is
monitored by the TOF-MS detector. Anions are deflected by applying a negative voltage to a
deflector mounted perpendicular to the TOF-MS detector. Channel G, triggered 50 ns after the
rising edge of Channel C, controls the timing when the additional +1 kV pulse is applied to the
VMI stack. This is effectively the imaging time window.
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Figure 2.7: Triggering sequence for the photoelectron imaging experiment. Delay times
representative of experimental values are listed. The timing sequence is initiated by the IOTA
ONE valve driver, T0. Channels A – G are controlled by the digital delay generator.

24

2.8 Analysis of Photoelectron Images
A photoelectron image is a two-dimensional (2-D) projection of the threedimensional (3-D) probability distribution of the photoelectron. Cylindrical symmetry imposed
by the linear polarization of the laser (parallel to the imaging detector surface), allow for the
reconstruction of the 3-D wave using an inverse Abel transformation.28 This reconstruction is
carried out using the BAsis Set EXpansion (BASEX) software developed by Dribinski et al.29
BASEX allows for the reconstruction of the original 3-D distribution from expansion coefficients
obtained by fitting the raw 2-D image with a basis set of Abel-transformed narrow Gaussian
functions. The reconstructed image corresponds to a slice along the laser polarization axis
through the center of the reconstructed 3-D sphere. All images in this dissertation have been
reconstructed in this manner. Figure 2.8 shows the (A) projected image of O− taken at 532 nm
and (B) reconstructed image.

Figure 2.8: Photoelectron image of (A) O− taken at 532 nm and (B) reconstruction of projected
image completed using the BASEX program. The blue arrow indicates the laser polarization
axis.
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Radial distributions of the detached photoelectrons can be obtained by integrating the signal
intensity over the polar angle θ at each radial coordinate, r. These intensities can be thought of as
the electron velocity distribution, P(r). The distance from the center of the reconstructed image is
directly proportional to the velocity of the photoelectrons, v ∝ r. The radial coordinate can then
be thought of as the electron velocity in pixel scale. The electron kinetic energy, eKE, is
proportional to the square of the velocity of the photoelectrons. Conversion from the velocity to
energy domain is done using Eq. (2.7):
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where eKEcal, vcal, and rcal are values for the electron kinetic energy, radial maximum of the
corresponding peak, and pixel number from a calibration species. The value for eKEcal is
calculated using the energy conservation law in Eq. (2.8)
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where hv is the photon energy and EA is the well-known electron affinity of an atomic
calibration species, e.g H− and O−. Values for eKE can then be calculated for each value of v and
r provided in the reconstructed image output file from the BASEX program. Eq. (2.9) shows the
radial distribution, P(r), can then be used to calculate the photoelectron energy spectra P(eKE)
by utilizing a Jacobean function.
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Direct comparison of data obtained at different photon energies is possible by plotting the spectra
as a function of the electron binding energy, Eq. (2.10):
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where eBE is the electron binding energy, hv is the photon energy, and eKE is the electron
kinetic energy from Eq. (2.7). A photoelectron spectrum of O− is shown in Figure 2.9(B).
In addition to the photoelectron spectrum, photoelectron imaging provides the
photoelectron angular distribution (PAD). PADs can be obtained by integrating the reconstructed
image intensities over a specific radial range for each value of the polar angle θ, measured with
respect to the laser polarization axis. Typically, the limits of integration are set to the full width
half maximum value for the selected peak. The values of θ range from 10° to 89°. The general
PAD expression for a one-photon detachment process from anions with a linearly polarized light
is described in Eq. (2.11):
\ ]

^_ _
c 3cos O ]
b1 +
4a
2

1

i

(2.11)

where I(θ) is the intensity of the photoelectrons at angle θ, which is the angle of the
photoelectron velocity with respect to the laser polarization axis, σtot is the total photodetachment
cross section, and β (-1 ≤ β ≤ 2) is the anisotropy parameter.30,31 For images where the intensity is
at a maximum perpendicular to the laser polarization axis, β= −1. If the intensity of the image
peaks parallel to the laser polarization axis, β = 2. In the event the intensity of the image is
isotropic, β = 0. The anisotropy parameter allows for investigation of symmetry properties of the
parent orbital of the photoelectron, as well as a means to acquire direct experimental evidence of
the photodetachment process. The photoelectron angular distribution for O− is shown in Figure
2.9(C).
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Figure 2.9: (A) Reconstructed image of O− taken at 532 nm. (B) Photoelectron spectrum
obtained from the reconstructed image. Intensity is plotted as a function of electron binding
energy. (C) Photoelectron angular distribution for O−. The black diamonds correspond to
experimental data. The red line is a fit to Eq. (2.11). The anisotropy parameter (β) was
determined from the fit to Eq. (2.11).
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2.9 Mass Spectrometry
2.9.1 Experimental Overview
The experiments described in Chapters 5 – 7 were performed using a triple quadrupole
mass spectrometer (Finnigan TSQ 7000). A solution containing the analyte of interest is pumped
by a syringe pump at approximately 4 µL/min into the ionization source. Ions created in the
source region are sampled by a heated capillary (200°C). The capillary acts as a barrier between
the atmospheric pressure and the first differentially pumped vacuum region (700 mTorr). A tube
lens and skimmer focus the ion beam before it enters the second differentially pumped vacuum
region (1 mTorr). Electrostatic lenses collimate the ion beam before the beam enters the high
vacuum region, which contains the analyzer assembly. Once the ions are in the analyzer
assembly various modes of operation are employed to investigate the anions.
2.9.2 Instrumental Overview
The instrumental schematic is shown in Figure 2.10. The triple quadrupole mass
spectrometer is composed of an ion source, analyzer assembly, and ion detection system all
housed in a vacuum manifold pumped by two turbo molecular pumps (TMP) and a rotary-vane
pump. Both electrospray ionization (ESI)32 and atmospheric pressure chemical ionization
(APCI)33 sources were used in the experiments described in this dissertation.
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Figure 2.10: Instrumental schematic of the triple quadrupole mass spectrometer (Finnigan,
TSQ 7000) used in Chapters 5 – 7.

30

2.9.3 Ion Sources
A schematic of the ESI source is shown in Figure 2.11. The main components of the
source are the spray needle and nose cone. A syringe pump (New Era Pump Systems, Inc.) is
used to deliver a continuous flow (4 µL/min) of solution containing the analyte through the
electrospray needle. Anions are generated by applying a voltage (~ −4 kV) to the stainless steel
electrospray needle relative to the nose cone. A transfer capillary transports the anions from a
region at atmospheric pressure to a region under high vacuum conditions. Nitrogen sheath gas
transfers the anions from solution to the gas phase. A skimmer collimates the ion beam before it
enters the analyzer assembly. Figure 2.12 shows a more detailed look at the anion formation
process. The potential difference created by the voltages applied to the spray needle and nose
cone generates an electric field. This electric field creates excess negative charge at the needle
surface. The meniscus of the solution flowing through the needle is deformed as a result of the
electric field, causing the meniscus to emerge from the spray needle. This is referred to as the
Taylor cone.34 Droplets containing the analyte of interest are generated with an excess charge
and emitted in a jet from the Taylor cone. As the droplets move toward the nose cone solvent
evaporation occurs. This results in an increase in the surface charge of the droplets. Smaller
“offspring” drops are produced through a Coulombic explosion of the larger surface charged
droplets. Free analyte molecules evaporate from the surface of the offspring drops in a similar
fashion. These free analyte molecules then pass through the nose cone of the instrument and
continue into the analyzer assembly.

31

Figure 2.11: Schematic of electrospray ionization (ESI) source utilized in Chapter 7.

Figure 2.12: Schematic of the mechanism of anion formation for the ESI source.
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A schematic of the APCI source is shown in Figure 2.13. The APCI source is made of a
sheath gas tube, vaporizer heater block, and corona discharge needle. A solution containing the
analyte is introduced into the source through a syringe pump. The solution is vaporized by the
heater block. A specific current is applied to the corona discharge needle. Anions are formed
from the solution passing through the cloud of electrons emitted from the tip of the discharge
needle. A skimmer collimates the ion beam before it enters the analyzer assembly. Figure 2.14
provides a more in depth look at the anion formation mechanism for the APCI source. Electrons
are emitted from the corona discharge needle and interact with reagent gases. These gases are
ionized, creating a plasma. When the analyte of interest encounters the reagent gas plasma, anion
formation occurs as a result of ion-molecule reactions.

Figure 2.13: Schematic of the atmospheric pressure chemical ionization (APCI) source used in
Chapters 5 and 6.
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Figure 2.14: Schematic of anion formation mechanism using the APCI source.

2.9.4

Analyzer Assembly

Figure 2.15 contains a schematic of the analyzer assembly. The analyzer assembly houses
two quadrupole rod assemblies (Q1 and Q3), one octapole (Q2) assembly, and three electrostatic
lenses. Each quadrupole consists of four metal rods placed precisely parallel to one another in a
square array. The rods in the quadrupole are charged with a variable ratio of radio frequency
(RF) voltages and direct current (DC) voltages. An electrostatic field produced by these
potentials allows for stable oscillations of ions with a specific mass-to-charge (m/z) ratio. Ions
outside of this specific m/z ratio undergo unstable collisions. These ions strike the surface of one
of the rods and are ejected from the rod assembly, or become neutralized, and are pumped away.
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This allows Q1 and Q3 to act as either mass analyzers or ion transmission guides. Q2, the
collision cell, is an octagonal array of cylindrical rods which only functions as an ion
transmission guide. A variable RF voltage is applied to the rods of Q2, resulting in stable
oscillations for a wide range of m/z ratios, allowing a range of ions to be transmitted into Q3.
Three lens sets are axially aligned with the rod assemblies of the analyzers. Each lens set is held
in cylindrical couplers, with each lens isolated from one another by anodized aluminum spacers.
Q1 and Q2 are separated by lens set L2. Lens set L3 separates Q2 from Q3. The ion detection
system is isolated from Q3 by lens set L4. Lenses from L2 and L3 provide two of the walls of the
collision cell. These lenses help prevent the collision gas from exiting the collision cell and
entering Q1 or Q3. The lenses also help to shield each mass analyzer from the RF voltages
applied to adjacent analyzers. Additionally, the lenses help to focus the ion beam as it is
transmitted into the different regions of the instrument. The ion detection system consists of a
channeltron electron multiplier and a gold-plated glass ground shield. When the ions strike the
surface of the electron multiplier secondary charged particles are emitted. These secondary
particles strike the cathode of the electron multiplier with sufficient kinetic energy to generate a
cascade of electrons. This results in a measurable current at the anode of the electron multiplier
where the ions are detected.

Figure 2.15: Analyzer assembly for triple quadrupole mass spectrometer. Q1 and Q3 are
quadrupole mass analyzers. Q2 is an octapole collision cell. Electrostatic lenses are labeled L1,
L2, L3, and L4.
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2.10 Modes of Operation
2.10.1 Q1MS
Q1 acts as the primary ion guide. The voltages applied to Q1 are scanned to allow ions
within a specific range of m/z ratios to transmit through to the other analyzers. Q2 and Q3 act as
ion guides. Ions formed in the source are detected by the detector. Major peaks identified in a
Q1MS scan are then selected for study using collision induced dissociation and energy-resolved
mass spectrometry.
2.10.2 Collision Induced Dissociation
Collision induced dissociation (CID) experiments are carried out on all major peaks
identified in a Q1MS scan. A fixed voltage is applied to Q1 to mass select a specific precursor
ion. Q2 acts as a collision cell. An inert collision gas, normally Ar, is introduced into Q2 at a
constant pressure, approximately 0.5 mTorr for the experiments reported in this dissertation.
When the mass selected precursor enters Q2, collisions between the ion and the inert gas induce
ion fragmentation. The fragment ions from these collisions are monitored by Q3. The resulting
CID spectrum shows all fragments formed from the dissociation of the selected precursor.
Fragments observed in the dissociation of the precursor ion can be further investigated using
energy-resolved mass spectrometry.
2.10.3 Energy Resolved Mass Spectrometry
Energy resolved mass spectrometry (ERMS) is used to determine thermochemical data
for precursor and fragment ions identified in CID studies. Fixed voltages are applied to Q1 and
Q3 to mass select specific precursor and fragment m/z ratios, respectively. Q2 is pressurized to
~0.15 mTorr with Ar gas. The collision voltage applied to Q2 is scanned. The intensity of the
fragment is monitored as a function of the collision cell voltage. The appearance energy is
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indicated by the lowest energy at which the fragment is produced. This can then be related to the
bond dissociation energy for the ion.35
The absolute zero kinetic energy of the precursor ion is determined using a retarding
potential analysis.36 The derivative of the transmission curve is plotted and used to correct for the
collision energy of the ions in the laboratory frame. For the studies reported in this dissertation
the collision offset ranged from 0.25 eV to 2.25 eV. The laboratory energies are converted to the
center-of-mass frame using Eq. (2.12):
Tjk

Tlmn L

H
M
H+;

(2.12)

where ECM is the center-of-mass energy, ELAB is the corrected laboratory collision energy, m is
the mass of the target gas, and M is the mass of the precursor ion. This conversion is required to
provide a suitable energy scale for thermodynamic analysis.
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CHAPTER 3
PHOTOELECTRON ANGULAR DISTRIBUTIONS OF CH−
3.1 Introduction
The CH radical is a small molecule of great importance in stellar atmospheres,37 the
interstellar medium,38-40 and combustion.41,42 The radical nature of CH provides an interesting
electronic structure. Photoelectron imaging is a valuable technique to investigate the electronic
structure of radical species by performing photodetachment experiments on the anion. Previous
photoelectron spectroscopy studies on CH− have been limited and inconsistent.43-45 Feldman
reported a photoelectron spectrum measured in the range of 0.5 eV to 2.0 eV with thresholds at
0.74 eV and 1.95 eV.43 The photoelectron spectrum recorded by Kasdan showed three transitions
at electron binding energies of 0.393 eV, 1.238 eV, and 1.980 eV.44 The peak at 1.238 eV was
assigned to the o O Π ← o r Σ transition. This transition occurred from detachment of one of the
unpaired π electrons in the ground state of CH−. The 0t Σ ← o r Σ transition was assigned to
the feature at 1.980 eV. The 0t Σ state was produced as a result of electron detachment from the

non-bonding 3σ orbital of CH−. The band at 0.393 eV was attributed to electron detachment from
the excited state anion, o O Π ← 0N Δ.44 This is a particularly interesting assignment because it
implies a long live metastable anion. Work by Okumura is in agreement with the results of
Kasdan.45 Our group carried out additional experiments on CH− to probe the low lying electronic
states of the anion.46 The experiments carried out in this chapter were part of the first study
completed using the photoelectron imaging spectrometer.
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3.2 Methods
All experiments were carried out using the photoelectron imaging spectrometer described
in Chapter 2. Anions were generated by a DC discharge source made of two closely spaced
metallic electrodes. The discharge conditions were optimized to atomize the gases in the
expansion. Small atomic and diatomic species including H−, CH−, O−, OH−, C2− and C2H− were
generated in the discharge source. It is important to note many organic gases produce CH− in our
source, but the high vapor pressure of nitromethane creates a stable anion signal. Anions were
detected using the TOF-MS. Approximately 2 m downstream from the source region the anions
interact with a beam of photons in the velocity map imaging24 assembly. Photoelectrons were
detected using the CCD camera and position sensitive imaging detector.
Photons were generated from a pulsed Nd:YAG laser. Frequency doubling and tripling of
the fundamental wavelength of the laser to produced 532 nm and 355 nm photons. An optical
parametric oscillator (OPO) was pumped at 355 nm to produce tunable radiation. In this
experiment, photoelectron images were collected from 410 nm to 600 nm in 25 nm steps,
532 nm, and 355 nm. The average photon energy ranged from 5 mJ/pulse to 15 mJ/pulse. The
photoelectron spectra were calibrated using O•−.47,48 Approximately 15,000 laser shots were
collected for each image. The analysis procedure outlined in Chapter 2 was utilized to analyze
the photoelectron images.

3.3 Results and Discussion
3.3.1 Photoelectron Spectra
Figure 3.1 shows representative photoelectron images of CH− collected at 532 nm. The
image on the left is the uncorrected raw image, whereas the Abel-inverted image is on the right.
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Each image was treated independently. Two features, an intense outer band and a weaker inner
band, appear in every image. Using the methods described in Chapter 2, the photoelectron
spectra were extracted from each Abel-inverted image. Figure 3.1 contains a representative
photoelectron spectrum plotted in the electron binding energy, eBE, scale. This ensures all
features appear at the same energy regardless of the photon energy. The most intense feature
corresponds to the X2Π ← X3Σ− transition.49 This represents electron detachment from the 1π
orbital. The electron binding energy of this peak is 1.26 ± 0.02 eV at 532 nm. The weaker feature
is assigned to the 4Σ− ← X3Σ− transition. This corresponds to detachment from the 3σ orbital of
CH−. The electron binding energy for this peak is 1.98 ± 0.02 eV at 532 nm. The doublet-quartet
splitting is 0.72 ± 0.03eV at 532 nm. This value is in good agreement with a reported value of
0.742 ± 0.008 eV by Lineberger.44
Detachment from the excited anion state a1Δ was previously measured at 0.393 eV.44 We
did not observe this band. This could be a result of the ionization source. It is possible the
discharge source utilized in our experiment does not generate a sufficient population of anions in
the a1Δ excited state. It is also possible the anions relax before photodetachment. However,
previous work on trapped CH− reported a lifetime of 5.9 +0.8/-0.6 s, therefore if anions are
generated in the a1Δ excited state the anions should be observed in our experiment.45
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Figure 6.1: Representative photoelectron image and photoelectron spectrum of CH− measured at
532 nm. The spectrum is plotted in terms of the electron binding energy obtained by subtracting
the electron kinetic energy from the photon energy.
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3.3.2 Photoelectron Angular Distributions
Figure 3.2 shows the anisotropy values extracted from the photoelectron images
collected for this study as a function of electron kinetic energy. Photodetachment from the 1π
orbital (red diamonds) produces negative values for β. As the electron kinetic energy increases
the anisotropy parameter becomes less negative for detachment from the 1π orbital. Figure 3.2
shows there is no general trend for detachment from the 3σ orbital (blue circles) of CH−. The
anisotropy parameter ranges from 0.02 for an electron kinetic energy of 0.499 eV to -0.51 for an
electron kinetic energy of 1.512 eV for detachment from the 3σ orbital.
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Figure 3.2: Photoelectron angular distributions as a function of electron kinetic energy for the 2Π
← 3Σ− (red diamonds) and 4Σ ← 3Σ− (blue dots) transitions. The solid lines are fits to each data set
using Eq. 3.7. The fractional p character is f = 0.95 for the 2Π ← 3Σ− transition and f = 0.99 for
the 4Σ ← 3Σ− data but considered unreliable.
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The first approach used to analyze the angular distributions is a qualitative method called
the s and p model.25,50 The s and p model uses group theory to identify all dipole allowed partial
wave contributions to the outgoing photoelectron. This approach is based on three
approximations. The first approximation requires the outgoing photoelectron is restricted to s and
p partial waves. This is expressed in Eq. (3.1)
Ψvwxx ≈ + + Jz + J{ + J|

(3.1)

where Ψvwxx is the wave function of the free outgoing electron wave and the different atomic
orbitals are represented by s, px, py,and pz. The second approximation accounts for orientation
averaging by only considering three principle orientations (x, y, and z) for the molecular anion.
The molecular frame of the anions is linked to the laboratory frame by aligning each molecular
frame orientation with the laboratory frame. The third approximation is used for determining the
allowed characters of the emitted partial waves. The character of the partial waves are
determined by evaluating the non-zero matrix elements of the transition dipole moment matrix
for each principal orientation. This can be done by implementing group theory. Specifically, the
non-zero elements can be determined by requiring the direct product of the irreducible
representations of the bound electron, the dipole moment operator, and the free electron wave
must contain the totally symmetric irreducible representation of the anion point group. This
relationship is expressed in Eq. (3.2)
Γ~Ψvwxx •⨂Γ •̂ ⨂Γ Ψ

⊇ Γ„…

(3.2)

where Γ~Ψvwxx • is the irreducible representation of the free electron wave, Γ •̂ is the irreducible
representation of the dipole moment, Γ Ψ

is the irreducible representation of the bound

electron wave, and Γ„… is the totally symmetric irreducible representation of the anion point

group.
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The CH− molecule is a member of the C∞v point group. According to the C∞v character
table and the approximations of the s and p model, the orbital of Ψ

or Π. Table 3.1 contains the partial waves allowed if Ψ

must be of character Σ+

is assumed to have Π character and

the dipole-moment is treated independently in each principle direction. The predicted magnitude
of β is also included in Table 3.1. The experimental PAD show the greatest photoelectron
intensity is perpendicular to the laser polarization axis. This corresponds to a negative value for
β. The sign of the β values predicted from the group theory and symmetry approach are in good
agreement with the experimental values.
Table 3.1: Allowed free-electron symmetries for detachment from Ψ
character within the C∞v point group.
Direct Product Laboratory Frame
†‡9ˆ‰Š ⨂‹
•Œ

orbital with Π

β

Ž⨂• *

px + p y

β<0

Ž⨂Ž

py

β<0

Ž⨂Ž

px

β<0

†‡9ˆ‰Š ⨂‹
••
†‡9ˆ‰Š ⨂‹
•‘

Table 3.2 contains the partial wave contributions allowed from the final results of the direct
product if Ψ

is assumed to have Σ+ character and the dipole moment is treated

independently in each principle direction (x, y, and z). In order to satisfy Eq. (3.2), Ψvwxx must

consist of the orbitals listed in Table 3.2. The predicted sign of β is also reported in Table 3.2.
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This implies the angular distribution is expected to be greatest parallel to the laser polarization
axis. This corresponds to a positive value for β.
The PADs corresponding to detachment from the 3σ orbital show predominantly
isotropic character at low electron kinetic energies and more perpendicular character at higher
electron kinetic energies. This does not agree with the predicted sign of β from the s and p
model. This is due to the low symmetry of the C∞v point group. This limitation of the symmetrybased has been demonstrated in previous work.51 The failure of the s and p model to correctly
predict the sign of β in the case of detachment from the 3σ orbital demonstrates the need for
another approach to analyze PADs.

Table 3.4: Allowed free-electron symmetries for detachment from Ψ
character within the C∞v point group.
Direct Product Laboratory Frame
†‡9ˆ‰Š ⨂‹
•Œ

β

• * ⨂• *

s + pz

β>0

• * ⨂Ž

pz

β>0

• * ⨂Ž

pz

β>0

†‡9ˆ‰Š ⨂‹
••
†‡9ˆ‰Š ⨂‹
•‘
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orbital with Σ+

A more quantitative approach for analyzing PADs involves calculating β as a function of
the electron kinetic energy.30,31,52 This approach is based on the Bethe-Cooper-Zare equation, Eq.
(3.3)
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O
where l is the atomic orbital angular momentum quantum number, ’W,W
N are radial matrix

elements for the lf =li ± 1 dipole allowed free electron partial waves of the outgoing
photoelectron, and cos ”W*N

”W

N

is the phase shift induced by interaction with the remaining

neutral species.52 It is important to note, the anisotropy parameter is not expressed as a function
of the electron kinetic energy in the Bethe-Cooper-Zare equation. Applying the Wigner threshold
law for anion photodetachment, ^W ∝ — W*

NP
O,

to the Bethe-Cooper-Zare equation allows for the

anisotropy parameter to be expressed as a function of electron kinetic energy by assuming
˜W™š›
˜W™œ›

∝ — O and therefore

•W™ ,W™š›
•W™ ,W™œ›

∝ Aε. This restatement of Eq. (3.3) is known as the Wigner-

Bethe-Cooper-Zare equation, Eq. (3.4)
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where ε is the electron kinetic energy and A is a proportionality coefficient.53 However, the
dependence of Eq. (3.4) on l means the equation is not appropriate for calculating β for nonatomic species. Therefore, the PADs obtained from imaging experiments on CH− cannot be
analyzed with Eq. (3.4). However, it is possible to analyze the PADs in this chapter using the
mixed sp model.54
Grumbling et al. derived the mixed sp model based on Eq. (3.4) to describe
photodetachment from a stationary state made of a linear combination of one s and one p type
functions.54 This is expressed in Eq. (3.5)
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where f is the fractional p character ranging from 0 ≤ f ≤ 1. The dipole selection rules require the
s portion of the linear combination produce p partial waves as a result of photodetachment. The p
component of the linear combination produces s and d partial waves. In this model the PAD can
be described using the spherical harmonics for the partial waves, Eq. (3.6)
\ ]

|Ψ θ |O

¡¤/&

§¨

+ 3 -¤1

©Q ªQQ ] + ¤/&
/&

L§›š¬P M
«

§«š¬
O

O

©O ªOQ ] ¡

(3.6)

©N ªNQ ] - + •?z| , ?{| 1&=H+–

where Ylm represent the spherical harmonics and C represents the coefficients for the partial
waves. A new expression for the photoelectron angular distribution can be written by arbitrarily
defining the spherical harmonics as unnormalized functions ªQQ

3F-+ O ]
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1 and including the necessary normalization constants in the coefficients. Using this

approach, the photoelectron angular distribution intensity at 0° is expressed in Eq. (3.7)
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and Eq. (3.8) is the angular distribution intensity at 90°.
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Given Eqs. (3.7) and (3.8), it is possible to obtain an expression for the anisotropy parameter by
substituting Eqs. (3.7) and (3.8) into Eq. (3.9) and dividing by ©QO
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. This new expression is given in Eq. (3.10).
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Application of the Wigner threshold law allows for the ratio of coefficients to be restated as
shown in Eqs. (3.11a) and (3.11b)
©NO
©QO

©OO
©QO

O
’Q,N
O
’N,Q

O
’N,O
O
’N,Q

^N
^Q

^O
^Q

E—

(3.11a)

DO — O

(3.11b)

where ^ is the partial cross section and A and B are constants. The constants A and B are
inversely related to the size of the bound orbital.55 The terms

² and

² can be substituted

into Eq. (3.10) to provide a way to predict β as a function of electron kinetic energy for oneelectron photodetachment from an orbital of mixed sp character. This new equation is described
in Eq. (3.12).
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Further simplification of Eq. (3.12) can be achieved by setting the cosine term equal to one.132, 134
At the extreme limit of f=0, corresponding to photodetachment from a pure s type wave, Eq.
(3.12) predicts a β value of +2, which is in agreement with Eq. (3.3). In the limit of f = 1,
corresponding to detachment from a pure p wave, Eq. (3.10) reduces to Eq. (3.2) This shows Eq.
(3.12) is valid for atomic systems, but is also valid for mixed sp systems. As a result of this, the
photoelectron angular distributions recorded in this chapter are analyzed with the mixed sp
model in Eq. (3.12).
The photoelectron angular distributions measured in this experiment for both the 2Π and
4 −
Σ

states were fit to Eq. (3.12) from the mixed sp model. Figure 3.2 shows the anisotropy

parameter, β, as a function of electron kinetic energy for both the 2Π ← 3Σ− (red diamonds) and
4

Σ ← 3Σ− (blue dots) transition. The best fit for each curve to Eq. (3.12) is also shown in Figure

3.2. The fit for the 2Π ← 3Σ− transition goes through most of the points. Deviation between
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experimental data and Eq. (3.12) occurs at higher electron kinetic energies. This could be
attributed to the Wigner threshold approximation, which is only good at low electron kinetic
energies. Additionally, some delocalization of electron density onto the hydrogen atom, which is
not accounted for in the model, could be responsible. For the best reported fit the fractional p
coefficient, f, is equal to 0.95. This is excellent agreement with the expected value of f ≈1,
considering the 1π orbital is approximated as a nearly pure carbon 2p orbital. These data points
could also be fit using the Cooper-Zare model for detachment from a p-type orbital. A fit
between 4Σ ← 3Σ− transition and Eq. (3.12) cannot be made. Particularly problematic is the low
electron kinetic energy region. This behavior cannot be fit to Eq. (3.12). At higher electron
kinetic energies a crude fit can be obtained. The corresponding fractional p character from this fit
is f = 0.99 for the 3σ orbital. However, this value for f is not realistic.
Two possible explanations can be offered to account for the poor fit between the mixed
sp model and the PADs for detachment from the 3σ orbital. It is possible the assumptions used to
derive Eq. (3.12) break down, or detachment from the 3σ orbital of CH− involves other effects
not included in the mixed sp model. Identifying major problems with the derivation of Eq. (3.12)
is difficult. In the extreme limits of f, Eq. (3.12) reduces to the pure atomic functions given in Eq.
(3.3). This suggests the model captures the underlying physics in cases of weak and strong sp
mixing. The agreement between the experimental data and Eq. (3.12) for detachment from the
1π orbital, as well as previous studies on NH2− and CCl2−, suggests Eq. (3.12) adequately
describes electron detachment from a mixed sp orbital in well-behaved systems.50 Therefore, it is
unlikely the model function is responsible for the major disagreement between our experiment
and Eq. (3.12).
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The other possibility is CH− deviates from Eq. (3.12) due to physical processes not
included in the model. At approximately 0.5 eV β is zero. This corresponds to an isotropic PAD.
Isotropic PADs are typically signatures of a resonant or secondary process. Scrambling of the
angular distributions is known to occur between photon absorption and electron ejection from a
long-lived state.56-58 In a study on the photodissociation of O2n− clusters spontaneous electron
ejection (auto-detachment) occurs in highly vibrationally excited O2− photofragments.56,57,59 The
excited oxygen molecule produces an isotropic PAD because electrons are emitted in random
directions. This arises from the timescale of photodetachment. Photodetachment is generally
thought to occur instantaneously. In comparison to rotation and vibrations in the molecule,
electron detachment is infinitesimally short. In the event an anion is excited into a long-lived
state the anion has ample time to rotate before electron ejection occurs. This rotation of the anion
produces the isotropic signature associated with resonant or secondary processes. Generation of
anions in a temporary state, such as dipole bound anions, vibrationally, or electronically excited
anions, acts as another source of long-lived anions.58 The isotropic PAD measured in Figure 3.2
is most likely due to an unexpected long-lived resonant state present in CH− anion. The effects of
resonant states are not included in Eq. (3.12), thus it does not reproduce the experimental trend
observed for detachment from the 3σ orbital.
It is important to identify the source of resonance if an excited anion is generated. The
small dipole moment of CH− makes a dipole-bound anion unlikely. However, electron excitation
could occur. The ground state electron configuration of CH− is (1σ)2(2σ)2(3σ)2(1π)2 where both π
orbitals are half-filled. Two types of low energy transitions must be considered: electron
excitation from the 1π orbital to a higher unoccupied orbital or excitation from the 3σ orbital to
the partially filled 1π orbital. No connection is observed between the resonance state and the 2Π
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state in CH. However, there is a connection observed between the resonance state and the 4Σ−
state. Figure 3.3 shows a schematic electronic energy diagram for the anion excitation and
electron auto-detachment mechanism. The corresponding electron structure is also shown in the
adjacent curves. According to Figure 3.3, the 4Σ− state is produced from excitation of a 3σ
electron to the 1π orbital followed by auto-detachment. Excitation of a 1π electron does not
produce the 4Σ− state. This means the deviation between the experimental data and Eq. (3.12) is a
result of the 3Π ← 3Σ− transition. This assignment explains why the angular distributions for the
2

Π state are not affected by the resonance.
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Figure 3.3: Schematic electronic energy diagram illustrating the mechanism for anion excitation
and electron auto-detachment from the excited state of CH−. The corresponding electronic
structure diagrams for each state is indicated by the red arrow, and the only low-lying neutral
state allowed by electron auto-detachment is the 4Σ− excited state of CH, as indicated by the red
circle.
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3.4 Conclusions
Photoelectron imaging experiments were conducted on a newly constructed negative ion
photoelectron imaging spectrometer on CH− at wavelengths ranging from 410 nm to 600 nm.
Analysis of the photoelectron spectra show two major peaks. The first peak, with electron
binding energy of 1.26 ± 0.02 eV, corresponds to the X2Π ← X3Σ− (detachment from the 1π
orbital) transition. The second peak is assigned to the 4Σ− ← X3Σ− (detachment from the 3σ
orbital) transition, and has an electron binding energy of 1.98 ± 0.02 eV. The photoelectron
angular distributions were analyzed using a qualitative symmetry based approach and a
quantitative method using the mixed sp model. The symmetry based approach accurately
predicted the magnitude of the anisotropy parameter for detachment from the 1π orbital, but not
for detachment from the 3σ orbital. This provided motivation for testing the recently developed
mixed sp model. The equation for the mixed sp model, Eq. (3.12), correctly modeled behavior
for detachment from the 1π orbital. However, detachment from the 3σ orbital did not agree with
model behavior predicted by Eq. (3.12). This discrepancy is the result of an excited temporary
anion state with a lifetime sufficiently long for rotation before electron emission. This produces
an isotropic PAD, as observed at low electron kinetic energies. Analysis of the photoelectron
angular distribution using the mixed sp model revealed evidence for a temporary anion excited
state of CH− previously not observed or predicted.
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CHAPTER 4
PHOTOELECTRON IMAGING OF NITROMETHANE CLUSTER ANIONS
4.1

Introduction
Nitromethane, CH3NO2, is the simplest nitro-substituted organic compound. It is a

prototypical compound capable of forming molecular anions due to the high electron affinity of
the nitro group. Efforts to understand the formation of CH3NO2− have been made utilizing
electron transfer collisions with free electrons,60 Rydberg atoms,61,62 and alkali metal atoms.63-66
The results from these works have shown valence bound CH3NO2− forms through an initial
dipole bound state. The excess electron is in a diffuse orbital on the methyl group in the dipole
bound state. However, out-of-plane bending of the nitro group results in the energy of the π*
orbital of the nitro group being lowered. This results in the excess electron shifting into the π*
orbital, giving the anion a non-planar C-NO2 group.
Several experimental studies have been conducted on the nitromethane anion.51,61,67-70
Conventional photoelectron spectroscopy has been used to probe the dipole and valence bound
states of nitromethane.61 An adiabatic electron affinity of 0.26 ± 0.08 eV was first reported for
the nitromethane anion in this study. Infrared spectroscopy studies have demonstrated autodetachment from CH3NO2− occurs as a result of vibrational excitation of CH stretches.71,72 More
recent low energy photoelectron imaging experiments have reported an adiabatic electron
affinity of 0.172 ± 0.006 eV for the nitromethane anion.67 This is the currently accepted value for
the adiabatic electron affinity for nitromethane. Additional photoelectron imaging experiments
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using high energy photons have been conducted to probe the excited electronic states of
nitromethane and assign symmetries to the observed electronic states.68
Hydrated nitromethane anion, CH3NO2−•(H2O), has also been widely studied.69,73,74
Infrared photodissociation spectroscopy with Ar tagging was used to structurally characterize the
nitromethane anion water complex.73,74 These works showed a double ionic hydrogen bond is
formed between the H-atoms on the water and the O-atoms on the nitromethane anion. The
interaction between the nitromethane and water molecule in the neutral species is limited to a
single hydrogen bond. Identical results were obtained from a vibrational spectroscopy
experiment aimed at investigating the influence of hydration on the solute anion.69 Good
agreement was found between the vibrational spectroscopy work and theoretical studies at the
MP2/aug-cc-pVDZ level.73
Photodissociation spectroscopy has been used to investigate the dissociation of
nitromethane cluster anions, CH3NO2−n, n = 1 – 6.68 The NO2−(CH3NO2)k and OH− products
form from core-dissociation, whereas the (CH3NO2)k− fragment forms as a result of energy
transfer from the excited anion to the solvent network or a core-dissociation-recombination
mechanism. These fragments are consistent with the anion clusters containing a monomer-anion
core solvated by neutral nitromethane molecules.
The aim of this study was to examine the photoelectron spectra of small nitromethane
cluster anions. Shifts in the vertical detachment energies (VDEs) were used to estimate solvation
energies. Estimated values for the electron affinities of each cluster were also estimated from the
photoelectron spectra. Structures for each cluster are proposed based on low-level theoretical
calculations. Theoretical VDEs and ADEs are presented for each cluster structure. Probable
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structures for the nitromethane dimer and trimer are proposed from calculated detachment
energies.

4.2 Methods
The experiments described in this chapter were completed using the negative ion time-offlight velocity map imaging24 spectrometer described in Chapter 2. Argon carrier gas was seeded
with nitromethane vapor and introduced into the vacuum chamber through the pulse valve
operating at 10 Hz and 40 psi backing pressure. The electron gun was positioned opposite the
direction of the gas expansion. Anions were formed by secondary-electron attachment following
collisions with high-energy electrons (1 keV). The anions were mass-analyzed using the linear
TOF-MS.
The fundamental wavelength of a pulsed Nd:YAG laser was frequency tripled to produce
355 nm photons. At this wavelength, the average power of the laser is 54 mJ/pulse.
Approximately 2 m downstream from the source region, the anions of interest interact with the
beam of photons in the velocity-map imaging assembly. Photoelectrons are created from the
overlap of the laser with the specific anion packet. These photoelectrons are accelerated and
focused onto the imaging MCP detector. Approximately 30,000 laser shots were utilized to
collect the photoelectron images shown in this chapter. Each image was analyzed by the
procedures described in Chapter 2. The photoelectron spectra were calibrated using the wellknown transitions of O•− at 355 nm.47,48
Theoretical calculations were carried out using the Gaussian 09 suite of programs.75,76
Cluster geometries were optimized at the unrestricted density functional theory level with the
B3LYP functional77,78 and 6-31+G(d),79 6-31++G(d,2p),80 6-311+G(d),75 and aug-cc-pVDZ81
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basis sets. Normal mode analysis for each optimized structure showed no imaginary frequencies.
This confirms each structure corresponds to a local minimum. These calculations serve as a point
of comparison for the experimental vertical detachment energies and estimated electron affinity
values. The energetics reported are meant to serve as points of relative comparisons.

4.3

Results and Discussion
4.3.1 Photoelectron Images and Spectra
Figure 4.1 shows the projected and reconstructed photoelectron images for the

nitromethane (a) monomer, (b) dimer, (c) trimer, and (d) hydrated monomer. The two distinct
features of each image are labeled A and B. Figure 4.2 shows the corresponding photoelectron
spectra extracted from each image. Band A corresponds to electron detachment from the anion to
form the neutral species in the electronic ground state. Band B corresponds to the lowest energy
triplet state of nitromethane. The spectrum for the monomer is in good agreement with a
previously published spectrum at 355 nm.68
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Figure 4.1: Raw (left) and reconstructed (right) photoelectron images of nitromethane anion
(a) monomer, (b) dimer, (c) trimer, and (d) hydrated monomer recorded at 355 nm. The laser
polarization axis is vertical in the plane of the figure.
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Figure 4.2: Photoelectron spectra of nitromethane anion (a) monomer, (b) dimer, (c) trimer, and
(d) hydrated monomer. The energy scale is the electron binding energy (eBE) obtained by
subtracting the electron kinetic energy from the photon energy. The vertical detachment energies
are listed above the blue arrows. The estimated electron affinities, EAest, are listed above the red
arrows in italics.
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The unresolved band A in Figure 4.2(a) is a result of a large change in geometry upon
photodetachment of the excess electron in the π* orbital of CH3NO2−. As a result of electron
detachment from the anion the geometry of the nitrogen atom is changed. In the nitromethane
anion the nitrogen atom has a trigonal pyramidal geometry with a C-NO2 dihedral angle of 147°,
whereas the C-NO2 dihedral angle in neutral nitromethane is nearly planar. Upon electron
detachment, the neutral molecule is formed in a highly vibrationally excited state because the CNO2 out of plane vibration is a low energy vibration. This results in a large difference in
geometry between the anion and neutral. As a result of this, band A is a broad featureless band
for the electronic ground state of neutral nitromethane. Figure 4.2 shows band B shifts to higher
detachment energies as the cluster size increases. This shift is responsible for the decrease in
relative intensity for band B because the band is shifted to energies greater than the photon
energy used in this work. The onset of this band is shown in Figure 4.2 (b) – (d). The unresolved
nature of band B is a result of the low resolution of our velocity-map imaging assembly. The
primary focus of this band is the shift in the low energy band, A, as a function of solvation.
Comparison of the nitromethane anion cluster spectra shows a shift in band A to higher energy.
This is attributed to solvent stabilization. The similarity of the spectra suggests the anion clusters
consists of a monomer-anion solvated by neutral molecules.82
Exact electron affinities for nitromethane and nitromethane cluster anions cannot be
determined from Figure 4.2. This is because the origin transition cannot be identified. As a result
of this, approximate electron affinity values are determined by estimating the onset of band A for
each cluster in Figure 4.2. These onsets are indicated by the red arrows. In order to avoid
confusion with adiabatic electron affinities determined from the energy of an unambiguously
identified origin band, the approximated electron affinities are reported as estimated electron
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affinities, EAest. The reported EAest of the nitromethane anion from Figure 4.2(a) is
approximately 0.4 eV. This is considerably larger than the currently accepted adiabatic
detachment energy of 0.172 eV. The difference corresponds to an uncertainty of approximately ±
0.2 eV for our EAest values. The VDE for the nitromethane anion is 0.98 ± 0.10 eV. This value is
in good agreement with previously published VDEs.51,61,67,74 The dimer and trimer anion clusters
have VDEs of 1.70 ± 0.10 eV and 2.20 ± 0.10 eV respectively. The hydrated nitromethane anion
has a VDE of 1.72 ± 0.10 eV, which is in agreement with a previously reported VDE of 1.57 ±
0.1 eV.74

4.3.2 Structure Calculations
Optimized structures and the singly occupied molecular orbital (SOMO) for the
nitromethane neutral and anion clusters calculated at the B3LYP/aug-cc-pVDZ level of theory
are shown in Figure 4.3. Important distances are reported in Angstroms. The C-NO2 dihedral, an
important parameter for characterizing the differences between nitromethane molecules, are
reported for each cluster molecule. The nitromethane anion has a calculated C-NO2 dihedral
angle of 146.4°. The SOMO of the anion shows the excess electron is localized in the π* orbital
of the NO2 group. Figure 4.3 shows the neutral nitromethane molecule has a nearly planar CNO2 group, with slightly shorter N – O bond distances.

Figure 4.3: Optimized structures and SOMO for the nitromethane anion and neutral at the
(U)B3LYP/aug-cc-pVDZ level of theory. Distances are given in Å. C-NO2 dihedral angles are
also reported.
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Figure 4.4 contains the optimized structures for the hydrated nitromethane anion and
neutral cluster. The anion structure shows the two hydrogen atoms on the water molecule are
bound to the oxygen atoms on the nitro group. At the B3LYP/aug-cc-pVDZ level of theory the
hydrogen bond distances are both 1.98 Å. The C-NO2 dihedral angle is calculated to be 145.0°.
This is nearly identical to the dihedral angle calculated for the monomer anion. Examination of
the SOMO shows the excess electron remains localized in the π* orbital of the nitro group. A
similar structure for the hydrated nitromethane anion was predicted in previous studies utilizing
density functional theory and MP2 methods.69,71,73,83 The optimized hydrated neutral cluster
structure differs in two aspects. In the neutral species, the water molecule interacts with the
nitromethane molecule through one strong hydrogen bond to a single oxygen atom. The C-NO2
dihedral angle is nearly planar in the neutral structure.

Figure 4.4: Optimized structures and SOMO for the hydrated nitromethane anion and neutral at
the (U)B3LYP/aug-cc-pVDZ level of theory. Distances are given in Å. C-NO2 dihedral angles
are also reported.

The lowest energy structure for the nitromethane dimer anion is shown in Figure 4.5. The
anion dimer has a bent structure, not the linear ion-dipole complex one might expect. Ion-dipole
forces hold the dimer cluster together through a single O…C-H interaction. These intermolecular
interactions are discussed in terms of hydrogen bond donors (D) or acceptors (A) as labeled in
Figure 4.5. The oxygen-hydrogen bond distance is 1.92 Å, similar to the hydrogen bond distance
calculated for the hydrated nitromethane anion. The acceptor molecule has a C-NO2 dihedral
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angle of 149.1°, whereas the donor molecule has a C-NO2 dihedral angle of 176.9°. The dihedral
angle on the acceptor molecule is similar to the C-NO2 dihedral angle of the nitromethane anion.
This indicates the excess electron is located on one molecule in the dimer structure. The SOMO
shows the excess electron is localized on a π* orbital of the acceptor molecule. This indicates the
dimer structure is composed of a monomer-anion solvated by a neutral nitromethane molecule.
The removal of the excess electron results in a large geometry change according to the
optimized neutral dimer structure. The two nitromethane molecules interact through two O…C-H
interactions. In this structure, each molecule is acting as both a hydrogen bond donor and
acceptor. The additional O…C-H interaction, resulting from the side-by-side arrangement of the
nitromethane molecules, stabilizes the neutral dimer cluster. The ionic dimer cluster is bound
through a strong ion-dipole interaction; however, the weaker dipole-dipole interaction of the
neutral dimer cluster prefers a side-by-side binding. This change in structure suggests the origin
transition for the anion dimer cannot be observed directly as a result of poor Franck-Condon
overlap.

Figure 4.5: Optimized structures and SOMO for the nitromethane dimer cluster anion and neutral
at the (U)B3LYP/aug-cc-pVDZ level of theory. Distances are given in Å. C-NO2 dihedral angle
are also reported.

The optimized trimer anion structure is shown in Figure 4.6. The molecules in the cluster
are identified by their hydrogen bond interactions as a donor-acceptor (DA), donor-doubleacceptor (DAA), and donor (D). The donor-double-acceptor molecule has a C-NO2 dihedral
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angle of 154.2°. This indicates the excess electron is located on this molecule. The C-NO2
dihedral angle of the single donor molecule is 178.3°, whereas the donor-acceptor molecule has a
dihedral angle of 175.6°. The distance between the methyl hydrogen on the donor-doubleacceptor molecule to the oxygen atom of the nitro group of the donor-acceptor molecule is
2.70 Å. The distance between the oxygen atom of the donor-double-acceptor molecule and the
methyl hydrogen on the donor-acceptor molecule is 1.88 Å. The oxygen atom on the donordouble-acceptor molecule is separated from the methyl hydrogen of the donor molecule by
2.02 Å. The SOMO shows the excess electron is primarily localized on the donor-doubleacceptor molecule. A small amount of charge is delocalized onto the donor-acceptor molecule.
This indicates the trimer anion is composed of a monomer-anion solvated by two neutral
molecules with the second neutral nitromethane molecule binding at two positions rather than a
single site. The donor molecule binds to the lowest energy binding site through a direct O…C-H
interaction, therefore the donor-acceptor molecule must bind to the anion through indirect
O…C-H side-by-side interactions.

Figure 4.6: Optimized structures and SOMO for the nitromethane trimer cluster anion and
neutral at the (U)B3LYP/aug-cc-pVDZ level of theory. Distances are given in Å. C-NO2 dihedral
angle are also reported.
Figure 4.6 also shows the lowest energy structure for the optimized neutral trimer. This
structure is similar to the neutral dimer structure in regards to the side-by-side binding scheme.
The center molecule acts as a hydrogen bond double-donor-double-acceptor, whereas each
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exterior molecule acts as a donor-acceptor. The optimized neutral trimer structure shows there is
a significant change in geometry of the single donor molecule of the trimer anion structure upon
electron detachment to allow for the side-by-side binding seen in the optimized neutral trimer
structure.

4.3.3 Vertical Detachment and Adiabatic Detachment Energies
DFT level theory was used to calculate VDEs and ADEs for each cluster structure. The
VDEs were calculated by taking the differences in electronic energies from the neutral and anion
at the optimized anion geometry. ADEs were calculated from the differences in the electronic
energies with zero-point vibrational energy corrections for the optimized neutral and optimized
anion form of each cluster. The calculated VDEs and ADEs using the B3LYP functional with a
variety of basis sets are included in Table 4.1. The calculated VDEs of the nitromethane anion
are ~0.3 eV higher than the experimental value. The dimer and trimer cluster anions have
calculated VDEs approximately 0.2 eV higher than the experimental value for all basis sets. The
calculated VDEs for the hydrated nitromethane anion is 0.3 – 0.4 eV higher than the
experimental value. There is relatively good agreement between the experimental and calculated
VDEs. It is also important to note the calculated VDEs are consistent for all basis sets.
The ADE for the nitromethane anion is ~0.5 eV for all basis sets used in this study. This
is in good agreement with the 0.4 eV value for the approximate electron affinity of the
nitromethane anion in this work. The dimer anion ADEs are approximately 1.2 eV. These values
are larger than the estimated electron affinity of ~0.8 eV. In the case of the trimer anion, the
calculated ADEs are 1.60 – 1.64 eV, whereas the estimated electron affinity is ~1.3 eV. The
calculated ADEs for the hydrated nitromethane anion are 1.04 – 1.15 eV. The estimated electron
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affinity is 0.8 eV. Comparison shows the calculated ADEs are greater than the estimated electron
affinities. However, if we consider the large uncertainty, ± 0.2 eV, of the estimated electron
affinities and the low level of theory used in this study, an acceptable agreement is found
between experiment and theory.

4.3.4 Cluster Structure – Experiment and Theory
Definitive structural assignments are not possible from the broad, featureless spectra in
Figure 4.2. The unresolved nature in band A in Figure 4.2(a) is due to the large geometry change
between the anion and neutral structure upon electron ejection. Similar band shapes are found in
the photoelectron spectra of the clusters. This suggests large geometry changes to the nitro
group, along with solvent reorganization, occurs in the cluster structures as a result of electron
detachment. This is supported by the neutral structures in Figure 4.3-4.6. Characterization of the
bands is possible by calculating the difference in the detachment energies. This is done according
to Eq. (4.1)
∆´T

)´T

D´T

(4.1)

where ΔDE is the difference in the detachment energies, VDE is the vertical detachment
energy, and ADE is the adiabatic detachment energy. The difference in the detachment energies
can be related to the Franck-Condon overlap as well as to the geometry difference between the
anion and neutral structures. The overestimation of the VDEs and ADEs by theory is somewhat
corrected by taking the difference in the calculated detachment energies. This allows for better
agreement between experiment and theory. The theoretical ΔDEs for the nitromethane, dimer,
trimer, and hydrated nitromethane anion are listed in Table 4.1. The experimental ΔDE values
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are also included in Table 4.1 These values were calculated using the experimental vertical
detachment energies and estimated electron affinities.
The theoretical ΔDE for the nitromethane anion is approximately 0.7 – 0.8 eV, whereas
the experimental ΔDE is ~0.6 eV. The hydrated nitromethane anion has a theoretical ΔDE just
under 1 eV. This is in good agreement with the experimental value of approximately 0.9 eV.
This difference is expected given the differences in the structures calculated for the anion and
neutral dimer clusters. The trimer species has a theoretical ΔDE of about 0.8 eV. This is also in
good agreement with the experimental difference of 0.9 eV. These comparisons suggest the
anion clusters are made from a single anion solvated by neutral molecules. Based on the limited
spectral information the structures obtained from the theoretical calculations in this work are
reasonable assignments. However, other experimental methods such as vibrational spectroscopy
are better suited to confirm the structure of the dimer and trimer cluster anions.
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Table 4.1: Comparison between experimental and theoretical vertical detachment energies (VDEs), adiabatic detachment energies
(ADEs), and differences in detachment energies (ΔDEs) for each cluster structure.
Experiment

6-31+G(d)

6-31+G(d,2p)

6-31++G(d,2p)

6-311+G(d)

aug-cc-pVDZ

CH3NO2−
VDE (eV)
ADE (eV)
ΔDE(eV)

0.98
0.4a
0.6

1.28
0.49
0.79

1.25
0.50
0.75

1.29
0.52
0.77

1.27
0.48
0.79

1.18
0.49
0.69

(CH3NO2)2−
VDE
ADE
ΔDE(eV)

1.70
0.8a
0.9

1.87
1.17
0.70

1.97
1.17
0.80

1.96
1.18
0.78

1.86
1.15
0.71

1.92
1.14
0.78

(CH3NO2)3−
VDE
ADE
ΔDE(eV)

2.20
1.3a
0.9

2.36
1.62
0.74

2.41
1.64
0.77

2.42
1.64
0.78

2.31
1.61
0.70

2.39
1.60
0.79

2.12
1.16
0.96

2.11
1.15
0.96

2.10
1.14
0.96

2.12
1.15
0.97

2.02
1.09
0.93

NM−(H2O)
VDE
1.72
ADE
0.8a
ΔDE(eV)
0.9
a
Estimated electron affinities, EAest
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4.3.4 Ion Solvation Energies
Figure 4.7 is a schematic potential energy surface showing the detachment energy
differences as a function of ion solvation. The difference in the detachment energies is equal to
the difference in the solvation energy of the anion and neutral clusters. Neutral solvation energies
are typically much smaller than ion solvation energies. As a result of this, we make the
assumption the neutral solvation energies can be neglected. Thus, the differences in detachment
energies reported here are estimates of the anion solvation energies. Table 4.2 contains the
solvation energies calculated for each cluster. These values were calculated from the VDEs
reported in Table 4.1. The anion solvation energies reported should be treated as upper limits due
to the neglect of neutral solvation energies.
The dimer and trimer cluster anions have calculated solvation energies of 0.72 eV and
0.50 eV respectively. Theoretical calculations predict binding energies of 0.80 eV and 0.58 eV
for the dimer and trimer species. These values are in reasonable agreement with our reported
energies. The reported experimental binding energies are within 0.06 eV of values previously
reported for the dimer and trimer anions.84 Considering the neglect of neutral-neutral solvation
energies, these values are in good agreement. However, the experimental binding energies are
lower than theoretical predictions for both the dimer and trimer clusters. This can be attributed to
theoretical sources of error. The theoretical sources of error are expected to impact the neutral
cluster energies more as a result of the weak interactions, which are difficult to treat accurately.
The cluster structures from Figure 4.3 are indirectly supported by the experimental
solvation energies. The cluster with the highest binding energy is the hydrated nitromethane
cluster with a binding energy of ≤ 0.74 eV. The water molecule in this cluster strongly binds
through two hydrogen bonds. A slightly lower binding energy, 0.69 eV, is predicted from
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theoretical calculations. The difference between theory and experiment can be attributed to the
neglect of the hydrogen bond in the neutral hydrated nitromethane cluster. The binding energy of
the solvent molecule in the dimer cluster is nearly as large. This is attributed to the strong
interaction between the anion and the methyl group of the solvent molecule. Experiment and
theory predict the binding energy will be lower for the second solvent molecule.

Figure 4.7: Schematic potential energy diagram illustrating the approach used to approximate
solvation energies in this work.

70

Table 4.2: Solvation energies for the nitromethane clusters.
Reaction
Energy (eV)
Reference
≤ 0.72
This work
µ → µ+ µ
0.80
This work (theory)a
84
0.659 ± 0.009
µ
µ⋯

→

µ+

µ

→

+ µ

≤ 0.50
This work
0.58
This work (theory)a
84
0.556 ± 0.013

≤ 0.74
This Work
0.69
This work (theory)a
a
Theoretical energies calculated from electronic + zero point energy differences at the
(U)B3LYP/aug-cc-pVDZ level of theory

4.4 Conclusions
Photoelectron spectroscopy was used in the study of nitromethane cluster anions. Ion
energetics such as vertical detachment energies and estimated electron affinities were obtained
from the photoelectron spectra. Stabilization of the solvent molecules results in an increase in the
vertical detachment energies as the cluster size increases. Differences in the vertical detachment
energies were utilized to estimate the anion solvation energies. Good agreement was found
between experimental and theoretical vertical detachment energies and estimated electron
affinities. Low energy structures for the dimer and trimer anion clusters, as well as their
corresponding neutrals, were identified using theoretical calculations. The anion cluster
structures suggest a single nitromethane anion is solvated by neutral nitromethane molecules via
two O…C-H interactions, whereas the optimized neutral clusters show a preference for multiple
interactions.
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CHAPTER 5
C-N DISSOCIATION ENERGIES OF NITROBENZENE
AND NITROTOLUENE RADICAL ANIONS AND NEUTRALS
5.1 Introduction
Nitroaromatic compounds, such as 1,3,5-trinitrobenzene (TNB) and 2,4,6-trinitrotoluene
(TNT), are high energy compounds often used in explosive applications. Typically, an external
energy source is used to supply an initial energy packet to these compounds through shock
(physical impact), chemical, or electrical energy. This external source provides the energy
needed to start the initial endothermic bond-breaking step.2,4 Homolytic bond cleavage of the
weakest bond in the molecule is thought to occur in this first step. Few direct experimental
measurements have been made concerning the bond energies of nitroaromatic compounds.85-87
Theoretical and experimental studies suggest three major initiation steps take place in the
thermal decomposition of nitroaromatic compounds.10,11 Figure 5.1 illustrates these reactions for
o-nitrotoluene. These processes include (1) C-NO2 homolysis, (2) isomerization of the NO2 to an
ONO, nitrite group, resulting in the elimination of NO•, and (3) attack of the methyl substituent
to form the aci structure (-NO2H), ultimately resulting in the loss of H2O. All three reactions are
expected to be important, but many models assume homolytic dissociation of the C-N bond is the
initial reaction.12,88,89 Consequently, it is important to know the amount of energy required to
break the C-N bond in order to understand and model the decomposition of nitroaromatic
compounds.
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Figure 5.1: Dissociation reactions for o-nitrotoluene: (1) C-N homolysis, (2) NO2/ONO
rearrangement, and (3) C-H attack
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Measuring direct bond dissociation energies is difficult; however, thermochemical cycles
can be used to calculate bond energies. The anion thermochemical cycle can be derived from the
potential energy diagram for C-N bond homolysis in Figure 5.2. The electron affinities (EAs), of
nitrobenzene and NO2 are defined as the amount of energy required to detach an electron from
the ground vibrational state of the singly charged anion to form the neutral in the ground
vibrational state. The dissociation energies, D0, are defined as the amount of energy required to
break the C-N bond from the zero point vibrational energy of the molecule. The electron
affinities of nitrobenzene and NO2 and the dissociation energy of nitrobenzene radical anion,
D0(NB•−) are needed to complete the thermochemical cycle. These values have been previously
measured.90-92 The dissociation energy of neutral nitrobenzene can be determined using Eq.
(5.1).
´Q ·E

TD ·E + ´Q ·E

+ TD ·¸O

(5.1)

The C-N bond dissociation energy (BDE) of nitrobenzene was estimated to be 0.18 eV.64
This is much lower than the bond energies for typical nitroaromatic compounds found in Table
5.1. Reduction of the C-N bond energies is expected to occur upon addition of an electron to a π*
orbital, but a difference of 2.8 eV seems extreme. Examination of the reported value revealed the
authors used an electron affinity of 3.91 eV, from electron transfer measurements, for the NO2
species.93 A more accurate value, 2.273 + 0.005 eV, from negative ion photoelectron
spectroscopy has since been reported for the electron affinity of NO2.92 The current
recommended value for the electron affinity of NO2 suggests the C-N bond dissociation energy is
approximately 1.8 eV. This value is in agreement with a recent infrared multiphoton dissociation
experiment which also suggested a value of 1.8 eV for the BDE of the C-N bond of nitrobenzene
anion.94
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Figure 5.2: Schematic potential energy diagram for nitrobenzene and nitrobenzene radical anion
C-N bond cleavage. D0 corresponds to the dissociation energy of the neutral or anion. EA is the
electron affinity of nitrobenzene and NO2.
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Table 5.1: Experimental thermochemical values measured and used in this work

Thermodynamic Quantity

Energy (eV)

Energy (kJ/mol)

Reference

EA(NB)

1.01 ± 0.10

97.5 ± 9.6

90

1.000 ± 0.010

96.49 ± 0.096

95

EA (o-NT)

0.92 ± 0.10

88.8 ± 0.96

90

EA(m-NT)

0.95 ± 0.10

91.7 ± 0.96

90

EA (p-NT)

0.99 ± 0.10

95.5 ± 0.96

90

EA (NO2)

2.273 ± 0.005

219.3 ± 0.5

92

D0(NB−)

1.99 ± 0.16

192 ± 15

This work

BDE (NB−)

0.18*

D0(o-NT−)

1.91 ± 0.14

184 ± 17

This work

D0(m-NT−)

2.01 ± 0.17

194 ± 16

This work

D0(p-NT−)

2.06 ± 0.21

199 ± 20

This work

D0(NB)

3.26 ± 0.18

315 ± 17

This work

BDE(NB)

3.10

299

93

3.10 ± 0.010

299 ± 1

87

D0(o-NT)

3.26 ± 0.17

315 ± 16

This work

BDE(o-NT)

3.04 ± 0.11

293 ± 11

87

D0(m-NT)

3.29 ± 0.19

317 ± 18

This work

D0(p-NT)

3.39 ± 0.22

327 ± 22

This work

BDE(p-NT)

3.10 ± 0.10

299 ± 10

87

96

*Authors used EA(NO2)= 3.91 eV in deriving the bond energy. The recommended value using
EA(NO2) = 2.273 eV in their previous calculation yields BDE(NB−) = 1.82 eV.
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5.2 Methods
Solutions of o- and m-nitrotoluene were made by adding ~25 µL of reagent to 50 mL of
50/50 (%v/v) acetonitrile and water mixture. Nitrobenzene and p-nitrotoluene solutions were
made by dissolving ~0.03 g of solid reagent in 50 mL of the previously described solvent system.
To prevent photodecomposition each solution was stored in an amber bottle. All reagents used
were purchased from commercial sources and used without further purification.
Each solution was introduced to the APCI source through a syringe pump with a flow
rate of 4µL/min. The solutions were heated in vaporizer at 225°C with 60 psi of nitrogen sheath
gas. Ions were formed by a corona discharge needle with a constant current of 3µA (about -1.9
kV). A heated capillary at 125°C was used to introduce the ions into a medium vacuum (~0.65
Torr) region. A small positive voltage applied to a skimmer extracted anions into a second
differentially pumped region. An octapole ion guide was used to collimate the ion beam before
the ions entered a high vacuum chamber containing the tandem mass spectrometer. Q1MS
spectra were recorded by scanning the first quadrupole while the second and third quadrupoles
operated as ion guides. CID spectra were recorded by mass selecting a precursor ion in the first
quadrupole. The second octapole acted as a collision cell and was filled with Ar gas (~0.50
mTorr) at high pressure multiple collision conditions. Fragment ions were detected by scanning
the third quadrupole. ERMS studies were conducted on fragment ions identified by CID. The
pressure inside the collision cell was reduced to ≤ 0.20 mTorr to minimize the probability of
multiple collisions. After the collision cell all ion optics and voltage offset differences were
operated with constant relative differences throughout the collision voltage scans. Each data
point reported in the spectra is an average intensity from multiple points across a 1 amu window
containing the fragment ion peak. A composite curve was produced by averaging repeated scans
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with a 1s dwell time at every collision energy. Normalized ERMS data was compared across
multiple days to ensure reproducibility. To eliminate the possibility of isomer interference, all
equipment was thoroughly cleaned before changing solutions.
Theoretical calculations were carried out using the Gaussian 09 program suite.75,76
Energy calculations and geometry optimizations were carried out at the density functional theory
(DFT) level using the B3LYP exchange-correlation functional77,78 and 6-31+G(d),79 631++G(d,2p),80 6-311+G(d),75 aug-cc-pVDZ81 basis sets. Unrestricted UB3LYP method was
used for species with an unpaired electron. Vibrational frequencies contained no imaginary
frequencies, confirming that each structure corresponds to a local minimum.

5.3 Threshold Modeling
The energy resolved mass spectra were fit to Eq. (4.2)
^ T

^Q ∑ K T + T + TQ ⁄T

(4.2)

where ^Q is an intensity scaling factor, K is the fraction of ions with internal energy T , T is the

center-of-mass collision energy of the parent ion, TQ is the dissociation energy, and n is an
adjustable parameter. Fits were carried out using the CRUNCH4D program.36 The loss of NO2−
was treated as a loose process using the variational transition state model because there is no
barrier along the electronic potential energy surface. Ion kinetic energy distributions were
incorporated into the fit by approximating a Gaussian curve with a 1.8 eV (laboratory frame) full
width at half-maximum determined by a retarding potential analysis of the parent ion beam. The
laboratory energy scale was corrected by locating the offset voltage corresponding to the zero ion
kinetic energy from the retarding potential analysis. Deviations between the model function and
the experimental threshold were minimized by adjusting the parameters of Eq. (5.2). Rotational
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constants and vibrational frequencies of the precursor ions and fragments used in the modeling
were taken from B3LYP/6-311+G(d) calculations.

5.4 Results and Discussion
5.4.1 Collision Induced Dissociation
Each molecular anion was studied using CID. These CID studies were conducted using
collision energies from 0 to 100 eV in the laboratory frame. Each compound produced similar
spectra. Only one fragment, m/z 46, corresponding to NO2−, was observed for each compound.
This is characteristic of nitroaromatic compounds.97 The CID spectra are shown in Figure 5.3.
The presence of only NO2− indicates the nitro-nitrite isomerization and loss of NO• are not
favorable for the radical anions of nitrobenzene and nitrotoluene. However, isomerization of the
NO2 group is known to occur in both the cationic and neutral forms of many nitroaromatic
compounds.85,98 Fragments supporting proton transfer from the methyl groups were not
observed. Therefore, of the three pathways in Figure 5.1 for the dissociation of neutral onitrotoluene, the only important reaction for radical anions is the loss of NO2−. Our findings are
in agreement with the infrared multiphoton dissociation study conducted on these compounds.94
More complex fragmentation channels have been reported in low energy electron collision
studies on dinitrobenzenes.99 In general, the major fragment observed is NO2−, but weaker
fragments corresponding to loss of NO•, NO2•, OH•, H•, and CH3• were also reported depending
on the substituents and structure of the nitroaromatic compounds.99-106
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Figure 5.3: CID spectra collected at 30 eVlab collision energy for (a) nitrobenzene, (b) onitrotoluene, (c) m-nitrotoluene, and (d) p-nitrotoluene.
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5.4.2 Anion Dissociation Energies
Figure 5.4 is the energy dependent intensities of NO2−. Collision energies were converted
from the laboratory frame to center-of-mass frame using Eq. (2.1) In Figure 5.3 the solid lines
represent convoluted fits to Eq. (5.2). The dashed lines denote the unconvoluted fits. These
unconvoluted fits correspond to dissociation energies at 0 K. The energy range was adjusted to
fit the onset and steeply rising portion of the data to the model function in Eq. (5.2). Ion
collisions outside of the collision cell contribute to the curvature in the low-energy region of the
ERMS spectra.107 Table 5.1 contains the average dissociation energies of nitrobenzene, onitrotoluene, m-nitrotoluene, and p-nitrotoluene radical anions from multiple measurements. The
reported uncertainties include standard deviations from repeated measurements and uncertainty
in the absolute voltage applied to the collision cell. Uncertainties due to experimental factors
were accounted for by adjusting the temperature range of the precursor ion from 300 to 500 K,
and scaling the experimental time window (~ 5 x 10-5 s) by factors of 0.5 and 1.5. The standard
deviation of E0 was also incorporated. This accounts for variations in the energy range used to fit
the data. Uncertainties from using theoretical values for the harmonic vibrational frequencies
were included by scaling the frequencies by factors of 0.9 and 1.1. Each source of error was
treated independently. The dissociation energy of the radical anion of nitrobenzene is 1.99 ± 0.16
eV, o-nitrotoluene is 1.91 ± 0.14 eV, m-nitrotoluene is 2.01 ± 0.17 eV, and p-nitrotoluene is 2.07
± 0.21 eV. These values are considerably higher than the previously published 0.18 eV
dissociation energy for the nitrobenzene anion.96 However, our reported values are in good
agreement with the nitrobenzene dissociation energy, ca. 1.82 eV, calculated from Eq. 5.1 using
the electron affinity of NO2 reported from photoelectron spectroscopy. Our values are also in
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agreement with a previous measurement of nitrobenzene bond dissociation energy87 and an
infrared multiphoton dissociation study on nitrobenzene anion fragmentation.94

Figure 5.4: ERMS spectra for the formation of NO2− from (A) nitrobenzene, (B) o-nitrotoluene,
(C) m-nitrotoluene, and (D) p-nitrotoluene as a function of collision energy. The solid lines
correspond to the convoluted fit and the dashed lines to the unconvoluted fits using Eq. (5.2).
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5.4.3 Neutral Dissociation Energies
The anion thermochemical cycle, Eq. (5.1), is completed with the experimental C-N
dissociation energies of the nitrobenzene and nitrotoluene radical anions. Table 5.2 contains the
dissociation energies of neutral nitrobenzene, o-nitrotoluene, m-nitrotoluene, and p-nitrotoluene.
The EAs were taken from gas-phase equilibrium reactions.90 The EA of NO2• was taken from an
anion photoelectron spectroscopy experiment.92 The dissociation energy of neutral nitrobenzene
is 3.26 ± 0.18 eV, o-nitrotoluene is 3.26 ± 0.17 eV, m-nitrotoluene is 3.29 ± 019 eV, and pnitrotoluene is 3.39 ± 0.22 eV. The reported dissociation energies are all within experimental
uncertainty of one another. This indicates the relative position of the methyl substituent on the
aromatic ring has a negligible effect on the C-N bond dissociation energy. Our reported values
are slightly higher than the previously reported experimental dissociation energies. It is
important to note we are reporting energy differences. The reported values are not bond
dissociation enthalpies, which account for differences in integrated heat capacities of the
products and reactants. This suggests there could be a source of bias in our experiment. The
gradual, rather than abrupt, onset makes fitting the threshold region of the experimental data to
Eq. (5.2) challenging. This bias could arise from fitting the threshold region of the appearance
curves. According to Eq. (5.1) the neutral bond energies will contain a systematic error if the
threshold energies are too large.
Comparison between the reported neutral and anion dissociation energies show
dissociation of the radical anions is approximately 1.3 eV lower in energy than the dissociation
energy for the corresponding neutrals. Differences in the EAs dictate the differences in the BDEs
according to Eq. (5.1). The bond energy in the anion is reduced due to the excess electron
occupying an anti-bonding orbital. This corresponds to a reduction in the bond order. If a radical
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anion is formed in the first steps of decomposition the energy required for bond dissociation is
significantly lower than the neutral molecule. This suggests anions could be an important source
of reactive intermediates in the decomposition process.

5.4.4 Theoretical Comparison
Theoretical bond dissociation energies are listed in Table 5.2 along with the reported
experimental dissociation energies calculated using ion thermochemical values. The theoretical
dissociation energies were calculated using the DFT method at the B3LYP level. Rough
agreement is found between the experimental dissociation energies and the calculated B3LYP
energies. However, our experimental dissociation energies and previous measurements are
consistently larger than the theoretical values. The source of this error could be theoretical or
experimental in nature. One way to address this issue is to compute the individual energies
associated with each process in the anion thermochemical cycle, Eq. (5.1). Table 5.3 shows the
electron affinities calculated for the nitroaromatic compounds of interest to this chapter and NO2.
The theoretical electron affinities deviate, on average, 0.3 eV from experimental values. This
suggests the level of theory employed in this work does not accurately describe the electronic
structure of the radical anions. The open-shell nature of nitroaromatic radical anions is not
adequately described by a standard single determinant method. Therefore, rigorous multireference calculations are needed to accurately describe these systems. Such calculations are
beyond the scope of this work. The reported theoretical energies should only be used as a rough
estimation of the bond energies.
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Table 5.2: Experimental and theoretical values for the dissociation energies, D0, (eV) of
nitrobenzene (NB) and nitrotoluene (NT) isomers.

Experiment

B3LYP/
6-31+G(d)

B3LYP/
6-31++G(d,2p)

B3LYP/
6-311+G(d)

B3LYP/
aug-cc-pVDZ

NB

1.99 ± 0.16

1.83

1.85

1.82

1.87

o-NT

1.91 ± 0.14

1.61

1.63

1.60

1.68

m-NT

2.01 ± 0.17

1.80

1.82

1.80

1.84

p-NT

2.06 ± 0.21

1.81

1.83

1.80

1.85

NB

3.26 ± 0.18

2.91

2.91

2.85

2.89

o-NT

3.26 ± 0.17

2.78

2.78

2.72

2.79

m-NT

3.29 ± 0.19

2.92

2.92

2.86

2.90

p-NT

3.39 ± 0.22

2.96

2.96

2.90

2.94

Anions

Neutrals

Table 5.3: Calculated electron affinities, EA, (eV) for nitrobenzene, nitrotoluene isomers, and
nitrogen dioxide.
B3LYP/
B3LYP/
B3LYP/
B3LYP/
Experiment
6Reference
6-31++G(d,2p) 6-311+G(d) aug-cc-pVDZ
31+G(d)
NB

1.000 ± 0.010

1.29

1.30

1.29

1.29

o-NT

0.92 ± 0.10

1.19

1.21

1.20

1.20

m-NT

0.95 ± 0.10

1.24

1.26

1.26

1.25

p-NT

0.99 ± 0.10

1.21

1.22

1.22

1.21

NO2

2.273 ± 0.005

2.36

2.36

2.32

2.30
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5.4.5 Electron Detachment
Table 5.1 shows the bond dissociation energies of the nitroaromatic compounds are
approximately twice as large as the reported EAs. The low magnitude of the EAs indicates
internally excited anions can release energy by fragmentation or electron emission (electron
auto-detachment). These two processes can occur on the same timescale, meaning autodetachment should be competitive with bond dissociation. A statistical rate analysis suggests at
low energies competition is critical, however, at higher energies, dissociation is the dominant
process.94 A competitive shift in the appearance energy of NO2− must be considered because the
energy threshold for auto-detachment is so much lower than the reported bond dissociation
energy. The competitive shift would produce a slight upward shift in the apparent dissociation
energy threshold. Previous work suggests competitive shifts are important in cases when the
difference in bond energy and EA exceed approximately 1 eV. Table 5.1 shows the difference
between the anion dissociation energies and EAs of the nitroaromatic compounds are within the
range at which competitive auto-detachment is thought to be important. Therefore, a competitive
shift could be responsible for the higher apparent dissociation energies. Unfortunately, our
instrumentation has no method to detect electron auto-detachment, so modeling the data in
Figure 5.2 cannot account for competitive effects.

5.5 Conclusions
CID and ERMS studies were carried out on nitrobenzene, o-nitrotoluene, m-nitrotoluene,
and p-nitrotoluene anions. CID spectra for each anion showed the formation of only one
fragment, NO2−, under all conditions. This shows other decomposition pathways, such as loss of
NO• and nitro-to-nitrite isomerization, are only important in the cationic and neutral forms of the
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nitroaromatic compounds studied. C-N bond dissociation energies for each nitroaromatic radical
anion were determined from appearance threshold analysis of the NO2− fragment. Reported
dissociation energies for the radical anions were approximately 2 eV. Dissociation energies were
also calculated using the thermochemical cycle for the corresponding neutral compounds.
Experimental results indicate the relative position of the methyl substituent on the aromatic ring
has a negligible effect on the C-N dissociation energies. The relative strength of the C-N bond is
approximately the same for nitrobenzene and the three isomers of nitrotoluene. Nitrotoluene
radical anions have significantly lower C-N bond dissociation energies in comparison to the
corresponding neutrals. This can be attributed to the placement of the excess electron in to an
anti-bonding orbital.
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CHAPTER 6
FRAGMENTATION OF DEPROTONATED NITROPHENOL ANIONS

6.1 Introduction
Many high energy compounds are known to have particularly high shock sensitivities.
Studies have proposed molecular level bond energies are a reflection of the shock sensitivity of
these compounds.10,88,96,108-112 Polynitrophenols, such as picric acid, are especially shock
sensitive and reactive energetic materials. The acidity of the alcohol substituent is affected by the
nitro group. The pKa of picric acid, 0.38, indicates it is a strong acid and will readily lose a
proton to form a stable anion. It is reasonable then to expect a significant fraction of the
molecules will be present in their ionic form. Therefore, it is interesting to investigate the
decomposition energetics of the deprotonated anions to better understand the detonation process.
Numerous theoretical studies have been conducted on the unimolecular decomposition of
nitroaromatics.10,11,85,113-116 Three common low energy reactions have been identified, Eq. (6.1):
R-NO2 → R-ONO → R-O• + NO•

(6.1a)

R-NO2 → R• + NO2•

(6.1b)

R-NO2 → Q-NO2H → → Q-NO + H2O

(6.1c)

A rearrangement of the nitro group to the nitrite structure on the aromatic ring, R, followed by
the elimination of NO• is indicated by Eq. 6.1a. The direct dissociation of the C-N bond to
produce NO2• is reported by Eq. 6.1b. The final equation, Eq. 6.1c, involves an H-abstraction
from the nitroaromatic species to produce a radical, Q, eventually leading to the loss of water by
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additional H-atom abstractions. All three processes have been predicted to occur at low
energies.85,114,115,117 Properties and relative locations of the substituents on the aromatic ring
affect the energetics of these processes. To better understand these fragmentation pathways, we
investigated the fragmentation of deprotonated ortho-, meta-, and para-nitrophenol.1 These
compounds were chosen as simple analogs of polynitrophenols. The information gathered during
this study of isolated molecules could help facilitate better understanding of the bulk-phase
properties of these compounds.

6.2 Methods
This study was carried out using the mass spectrometer described in Chapter 2. HPLC
grade acetonitrile and 18.2 MΩ deionized water in a 50:50 by volume ratio was used to make
nitrophenol solutions at a ~0.6 mg/mL concentration. Each isomer in this study was studied over
multiple days. All equipment was thoroughly cleaned and dried between studies to reduce the
possibility of interference from the other isomers.
Ions were generated using the atmospheric pressure chemical ionization source described
in Chapter 2. The vaporizer temperature was 150 – 200°C. The corona current was held constant
at 5.0 µA. Anions were sampled by the heated capillary at 200°C. A skimmer and ion optics
collimated the ion beam. Ions were detected by a channeltron electron multiplier. Collision
induced dissociation studies were done initially. Specific anions of interest were later studied
using energy resolved mass spectrometry. These two techniques were described in Chapter 2.
The collision gas pressure was no more than 0.25 mTorr for the CID studies. This was done to
minimize the probability of multiple collisions.
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Theoretical calculations were carried out using the Gaussian 09 program suite.75,76
Geometry optimization and energy calculations were carried out at the density functional theory
(DFT) level using the B3LYP exchange-correlation functional77,78 and the aug-cc-pVDZ81 basis
set. The vibrational frequency calculations did not result in imaginary frequencies, confirming
each structure corresponds to a local minimum. Unrestricted UB3LYP method was used for
species with an odd number of electrons. Transition states had a single imaginary frequency,
corresponding to motion along the reaction coordinate.

6.3 Results and Discussion
6.3.1 Collision Induced Dissociation
Figure 6.1 shows CID spectra for the three deprotonated nitrophenol anions. Three
common fragments were observed for all isomers, m/z 46 (NO2−), 92 (C6H4O•−), and 108
(C6H4O2•−). The CID spectrum for o-nitrophenoxide shows two minor fragments with very low
intensity at m/z 64 (C5H4•−) and 80 (C5H4O•−). The fragment C6H4O2•− is noted to have a lower
relative intensity than the C5H4O•− fragment in the CID spectrum of m-nitrophenoxide. No low
intensity fragments were identified in the CID spectrum of p-nitrophenoxide.
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Figure 6.1: Collision induced dissociation spectra of (A) o-nitrophenoxide, (B), mnitrophenoxide, and (C) p-nitrophenoxide at 20 eVlab collision energy with 0.250 mTorr Ar
collision gas.
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6.3.2 Energy Resolved Mass Spectrometry
Fragment ions identified in the CID studies were further investigated using ERMS.
Figure 6.2 contains the ERMS spectra for each isomer. The lowest energy fragment is C6H4O2•−
for all isomers. For o-nitrophenoxide and m-nitrophenoxide, C6H4O2•− has an appearance energy
between 2 and 3 eV with a maximum intensity around 5 eV. A similar appearance energy is
recorded for the p-nitrophenoxide isomer with a maximum intensity at 6 eV. Fragment C6H4O•−
has an appearance energy between 3 – 4 eV for all isomers. The NO2− fragment has an
appearance energy of approximately 3 – 3.5 eV for both o-nitrophenoxide and m-nitrophenoxide,
and 4 eV for p-nitrophenoxide. Fragments C6H4O•− and NO2− have similar onset profiles.
However, at higher collision energies the relative intensity of C6H4O•− increases slower than
NO2−. C5H4O•− also has a comparable onset to NO2− in the o-nitrophenoxide and mnitrophenoxide isomers. The appearance energy of C5H4O•− is around 3 – 4 eV for the ortho
isomer. The low relative intensities of C6H4O•− and C5H4O•− suggests the fragments result from
secondary fragmentation of C6H4O2•−, corresponding to loss of CO and CO2.
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Figure 6.2: Energy resolved mass spectra for the fragmentation of (A) o-nitrophenoxide, (B), mnitrophenoxide, and (C) p-nitrophenoxide. The collision energy has been converted to center-ofmass frame using Eq. (2.1).
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6.3.3 Theoretical Calculations
The critical points on the potential energy diagram for the dissociation of onitrophenoxide to produce the five experimentally observed fragments are shown in Figure 6.3
All energies are relative to o-nitrophenoxide and are reported in eV. Zero point energy
corrections are included. The lowest energy pathway is calculated to be the loss of NO• to form
C6H4O2•−. Elimination of NO• is only possible if the nitro group undergoes a rearrangement to
the nitrite structure. A rearrangement barrier of 2.44 eV was calculated. The rearranged nitrite
structure is only 0.38 eV higher in energy than the nitro structure. A tight transition state for the
rearrangement is indicated by the C−N separation (1.57 Å) at the transition state geometry. The
transition state structure combines the in-plane and out-of-plane rotation of the NO2 group. The
NO group lies above the plane of the aromatic ring in the optimized nitrite structure. Relative to
the nitrite structure, elimination of NO• is calculated to require only 0.08 eV. Rearrangement of
the nitro substituent is calculated to be the rate limiting step in the formation of C6H4O2•−. Loss
of NO• is spontaneous following the rearrangement of the substituent.
Additional pathways were calculated for the fragment ions C6H4O•− and NO2−. The loss
of NO2• to produce C6H4O•− is calculated to require 3.48 eV. The loss of NO2− requires 3.46 eV.
The formation of these fragment ions occurs through a bond cleavage with a competition
between the two fragments for the excess electron. The relative branching ratios for the two
products should be similar. The neutral product formed after the loss of NO2− is unstable and
rearranges from a six-membered ring to a five-membered ring. This rearrangement is due to the
zwitterionic nature of the neutral product generated by heterolytic bond cleavage. Zwitterionic
species are generally unfavorable in the gas phase; therefore the theoretical prediction of a
rearrangement to a non-zwitterionic structure is reasonable.
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The formation of the two minor fragments C5H4O•− and C5H4•−, from the loss of CO and
CO2 respectively, were also calculated. Dissociation of aromatic ions with CO bonds is known to
produce these characteristic fragments.85,118-120 The structures calculated for the minor fragments
are in agreement with previously proposed structures for C5H4O•− and C5H4•−. The low relative
intensities of these secondary fragments suggest the rates of formation for these ions are slow. It
is also possible these ions form from multiple collisions. These secondary fragments were not
further studied.
The potential energy diagram for m-nitrophenoxide is shown in Figure 6.4. The
NO2/ONO rearrangement barrier is calculated to be 2.48 eV. A similar barrier was calculated for
o-nitrophenoxide. This barrier also corresponds to the formation of the lowest energy product,
C6H4O2•−, from the elimination of NO•. The optimized nitrite structure is calculated to be
0.29 eV higher in energy than the precursor ion, but is still significantly below the calculated
isomerization barrier. The predicted energy for the formation of NO2− is 3.42 eV, whereas the
energy for the formation of C6H4O•− is 3.29 eV. Both energies are similar to those calculated for
o-nitrophenoxide.
Figure 6.5 is the potential energy diagram for the p-nitrophenoxide isomer. The barrier
for the nitro-to-nitrite rearrangement is calculated to be 2.86 eV. The formation of NO2− is
predicted to require 3.85 eV, whereas the formation of C6H4O•− is predicted to require 4.00 eV.
The theoretical dissociation energies for p-nitrophenoxide are consistently higher than the
energies calculated for similar reactions for o-nitrophenoxide and m-nitrophenoxide.
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Figure 6.3: Calculated potential energy diagram for the dissociation of o-nitrophenoxide anion at the B3LYP/aug-cc-pVDZ level of
theory. The cyan pathway corresponds to loss of NO2•. The black pathway corresponds to loss of NO2−. The red pathway corresponds
to the rearrangement of the nitro group followed by the loss of NO•. Minor fragmentation pathways are reported in magenta and blue.
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Figure 6.4: Calculated potential energy diagram for the dissociation of m-nitrophenoxide anion at the B3LYP/aug-cc-pVDZ level of
theory. The cyan pathway corresponds to loss of NO2•. The black pathway corresponds to loss of NO2−. The red pathway corresponds
to the rearrangement of the nitro group followed by the loss of NO•.
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Figure 6.5: Calculated potential energy diagram for the dissociation of p-nitrophenoxide anion at the B3LYP/aug-cc-pVDZ level of
theory. The cyan pathway corresponds to loss of NO2•. The black pathway corresponds to loss of NO2−. The red pathway corresponds
to the rearrangement of the nitro group followed by the loss of NO•
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6.3.4 Experimental and Theoretical Comparison
Theory predicts the formation of C6H4O2•−, resulting from the loss of NO2•, will be the
lowest energy dissociation pathway in deprotonated o-nitrophenol. The experimental appearance
energy of C6H4O2•−, 2 - 2.5 eV, and the barrier height for the formation of C6H4O2•−, 2.44 eV,
calculated in Figure 5.3 are in good agreement. Similar agreement is found for the appearance
energy of NO2−, 3 - 3.5 eV, and the theoretical dissociation energy of 3.46 eV. This is
significantly different than the dissociation energies observed for nitrotoluene radical anions.2
According to theoretical calculations, the rearrangement barrier for the nitrotoluene radical
cations is higher than C-N bond dissociation energies. Additionally, the loss of NO• is predicted
to be unfavorable for the nitrotoluene species due to a tight transition state. Competitive loss of
NO• and NO2−/NO2• was observed in this study. The rearrangement process resulting in loss of
NO• is favored at low collision energies, whereas the loss of NO2−/NO2• is favored at higher
collision energies due to the loos transition state. Good agreement is also found between the
appearance energy, 3 – 3.5 eV and the theoretical dissociation energy, 3.48 eV, for the third most
intense fragment, C6H4O•−.
Similar agreement between experiment and theory are found for both m-nitrophenoxide
and p-nitrophenoxide. The major discrepancies for m-nitrophenoxide are in regards to C5H4O•−
and C6H4O•−. The relatively high intensity of C5H4O•− is attributed to secondary fragmentation,
meaning it could arise from multiple processes including a second collision with the target gas or
sequential dissociation from an internally excited fragment. This makes comparison between the
experimental appearance energy and the calculated relative energy of the product invalid.
Theoretical calculations predict C6H4O•− has a lower dissociation energy than NO2−. Therefore,
C6H4O•− would be expected to have a larger relative intensity than NO2−, especially since both
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products form as a result of C-N dissociation with a loose transition state. However, NO2− is
significantly more intense. No secondary products were observed for C6H4O•− to account for the
low intensity of the fragment. One possible explanation for this discrepancy could be an error in
the theoretical energies as a result of using a single determinant wavefunction to describe openshell species. Decay into a dark channel could also explain the low intensity of the C6H4O•−
fragment. For example, spontaneous electron emission could occur if C6H4O•− has a low electron
binding energy. The resulting neutral formation could explain the low intensity of the C6H4O•−
fragment. Experimental values for the electron binding energy of C6H4O•− are not currently
available. However, to explore this avenue theoretical electron binding energies were calculated
for C6H4O•−. For electron detachment from C6H4O•−, DFT theory predicts the triplet state is the
lowest energy form of each neutral isomer. Electron affinities calculated at the B3LYP/aug-ccpVDZ level of theory predict the electron affinity of the meta- isomer to be 1.6 eV, whereas the
electron affinities for the ortho- and para- isomers were predicted to be 2.3 eV and 2.2 eV,
respectively. It is important to note the predicted electron affinity of the meta- isomer is lower,
however, the difference is not sufficient to account for the difference in observed ion intensity.
Good agreement is observed between experiment and DFT calculations for the
fragmentation of p-nitrophenoxide. In comparison to the ortho- and meta- isomers, small
increases in the appearance energies for the major fragments were observed. Theoretical
calculations predicted an increase of similar magnitude in the dissociation energies. Overall,
good agreement between the observed appearance energies and theoretical dissociation energies
was obtained for all three nitrophenoxide isomers. In general, experiment and theory show the
loss of NO• is the lowest energy fragmentation reaction for all three nitrophenoxide ions even
though the reaction involves a tight transition state.
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6.3.5. Analysis of C-N Dissociation Energies
The discussion of this work is concluded by a brief comparison to the previous study
concerning the dissociation of nitrotoluene radical anions.2 According to both experiment and
theory, the C-N dissociation energy to produce NO2− is approximately 3 – 4 eV for all three
nitrophenoxide isomers.1 The relative substituent position appears to have no significant
influence on these dissociation energies. This is expected because the C-N bond is a σ bond,
which is independent of relative substituent position. Inductive effects could occur, but this work
suggests these effects are minor. These findings are consistent with the previous study of
nitrotoluene and nitrotoluene radical anions, discussed in Chapter 4. The reported C-N bond
dissociation energies for the nitrotoluene species were all identical, approximately 2 eV.2 It
appears within a similar class of nitroaromatic compounds, the C-N bond energies are
independent of substituent position. However, the relative magnitude of C-N bond energies is
influenced by the type of substituent. This could have an important effect on the lowest energy
fragmentation pathway – rearrangement or direct bond cleavage. The lowest energy
fragmentation product is the greatest difference in the fragmentation of the nitrophenoxides
compared to the nitrotoluene radical anions. The lowest energy product for nitrotoluene radical
anions is NO2− as a result of C-N bond cleavage, whereas loss of NO• after rearrangement is the
lowest energy product for the nitrophenoxides.
The differences in magnitude of the C-N bond energies for the nitrophenoxides compared
to nitrotoluene anions can be attributed to two effects. Firstly, the excess electron occupies a π*
orbital in the nitrotoluene radical anions. This results in partial destabilization of the molecule.
The excess electron is localized on the nitro group and the position of this charge weakens the
nearby C-N bond compared to neutral nitrotoluene. In the nitrophenoxides, the excess electron

101

resides primarily on the oxygen atom, but can be delocalized through the π system as shown in
Figure 6.6. Structure A is the dominant nitrophenoxide resonance structure. In this structure, the
excess electron occupies a non-bonding π orbital. Due to the delocalization of the excess electron
in a non-bonding π orbital, the C-N bond dissociation energies are not expected to decrease as a
result of deprotonation. C-N bond energies are not available for direct comparison to
experimental energies for the neutral nitrophenoxide compounds. To address this issue, DFT
calculations were carried out on the neutral nitrophenoxides. A slight increase in the dissociation
energy was noted for the deprotonated nitrophenol anions in comparison to the neutral
nitrophenol compounds. In the nitrotoluene radical anions the C-N dissociation energies decrease
compared to the neutral nitrotoluenes. These results are reported in Table 6.1. The increase in
the C-N dissociation energies for the nitrophenoxide anions can be attributed to the resonance
stabilization of the excess electron in the π system, Figure 6.6 structure (b), which results in
stronger π-bonding between the C-N atoms in the anion relative to the neutral nitrophenols.
Arguments could also be made that the increased ionic character, Figure 6.6 structure (c), of the
nitrophenoxide is responsible for the increased C-N dissociation energy of the anion compared to
the neutral. The resonance structures in Figure 6.6 provide a means to rationalize the increased
C-N bond energies; however, analysis of these resonance structures is beyond the scope of this
work.
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(a)

(c)

(b)

(d)

(e)

Figure 6.6: Resonance structures of o-nitrophenoxide illustrating resonance stabilization of the
excess electron.

Table 6.1: Theoretical dissociation energies for the elimination of NO2− from neutral
nitrophenols (NP), deprotonated nitrophenols (NP-H−), and nitrobenzene (NB) or nitrotoluene
(NT) neutrals and anions calculated at the B3LYP/aug-cc-pVDZ level of theory.
Anions

C-N Dissociation
Energy (eV)

Neutrals

C-N Dissociation
Energy (eV)

o-[NP-H]−
m-[NP-H]−
p-[NP-H]−

3.46
3.42
3.85

o-NP
m-NP
p-NP

2.72
2.87
3.00

NB●−
o-NT●−
m-NT●−
p-NT●−

1.87
1.68
1.84
1.85

NB
o-NT
m-NT
p-NT

2.89
2.79
2.90
2.94
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A different explanation involves using the potential energy diagram in Figure 6.7, which
shows the relationship between C-N bond energies (D0) and electron affinities of the
nitroaromatics (X-NO2) (X = substituted nitroaromatic). The D0 values have not been
experimentally determined for the neutral nitrophenoxyl radicals. However, using the negative
ion thermochemical cycle the difference in the bond energy can be determined from the
difference in EA of NO2• and the corresponding nitroaromatic compound. This is summarized in
Eq. (6.2)
∆´Q
where ∆

´Q o

·¸O

´Q o

·¸O
»

is the difference in bond energy,

the neutral compound,

»

the electron affinity of NO2•, and

TD ·¸O

TD o

·¸O

is the bond dissociation energy of

is the bond dissociation energy of the anion,
»

(6.2)

is

is the electron affinity of the corresponding

nitroaromatic. This relationship shows the change in the C-N bond energy can be related to the
difference of the two electron affinities. These values are included in Table 6.2. Examination of
Eq. (6.2) reveals if the electron affinity of the aromatic ion is lower than the electron affinity of
NO2•, the D0 of the anion will be lower than the corresponding neutral. If the aromatic fragment
has a higher electron affinity than the NO2• fragment, the anion will have a larger D0 than the
neutral. Examination of Table 6.2 shows the nitrophenoxides have significantly larger electron
affinities compared to NO2•, whereas the nitrotoluenes have lower electron affinities. According
to Eq. (6.2), the C-N bond dissociation energies for the nitrophenoxides are expected to be larger
than the D0 values of the corresponding neutral nitrophenoxyl radicals. It is important to note
these radical species do not have an H atom at the alcohol position, therefore these are not the
same as the nitrophenols reported in Table 6.1. For the nitrotoluenes, the electron affinities of the
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nitrotoluenes are lower than the NO2•. This implies the C-N bond dissociation energy of the
anion is lower than the neutral nitrotoluene compounds. This is in agreement with experiment
and theory. The large electron affinity of nitrophenoxide is responsible for the increased C-N
bond energy. The anion stability is a result of the additional electronegative oxygen atom and
charge delocalization in a non-bonding π orbital. This can be seen in Figure 6.6. As a result of
the increased C-N bond strength, the lowest energy decomposition pathway for the
nitrophenoxides is rearrangement and loss of NO•.

Figure 6.7: Potential energy diagram illustrating the relationship between C-N bond dissociation energies
(D0) and electron affinities (EA) of a nitroaromatic (X – NO2) and its corresponding anion (X – NO2−).
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Table 6.2: Electron affinities of nitrotoluenes (NT), nitrophenoxyl radicals (NP-H), and NO2.
Species
Electron Affinity (eV)
Reference
o-NT
m-NT
p-NT

0.92 ± 0.10
0.95 ± 0.10
0.99 ± 0.10

o-[NP-H]
m-[NP-H]
p-[NP-H]

unknown
3.15 ± 0.12
3.49 ± 0.12

NO2

2.273 ± 0.005

90
90
90

121
121
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6.4 Conclusions
CID and ERMS studies were conducted on the deprotonated nitrophenol anions. Three
common fragments (C6H4O•−, NO2−, and C6H4O2•−) were observed in the CID spectra of the
ortho-, meta-, and para- isomers of nitrophenoxide. The ortho- and meta- isomers also showed
another common fragment, C5H4O•−. The ERMS spectra showed the lowest energy fragment for
each isomer was C6H4O2•− with an appearance energy between 2.5 eV and 3 eV. Good
agreement was found between the theoretical calculations of the nitro-to-nitrite isomerization
barrier and the measured appearance energies. The appearance energy for C6H4O•− was between
3 eV and 4 eV for all isomers. For the ortho- and meta- isomers, NO2− and C5H4O•− appeared
between 3 eV and 3.5 eV. These fragments appeared around 4 eV for p-nitrophenoxide. Theory
agrees well with the experimental dissociation energies. In conclusion, C-N bond dissociation
energies of nitrophenoxide anions were compared to the corresponding neutral compounds,
nitrotoluene radical anions, and nitrotoluene neutrals. Stabilization of the deprotonated anion
results in an increase in the C-N bond energy for the nitrophenoxide anions.
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CHAPTER 7
THE DECOMPOSITION OF COPPER NITRATE CLUSTER ANIONS
7.1

Introduction
Electrospray ionization (ESI) can be used to synthesize inorganic species, such as metal-

nitrate anion clusters, in the gas phase.122-125 Anion clusters are formed by the electrostatic
attraction between the positively charged metal center and an extra polyatomic anion ligand.
Transfer of an electron or atomic ion from the ligand to the metal is known to occur in these
anion clusters.122,123,125,126 This makes metal-nitrate anion clusters interesting model systems to
study oxidation and reduction reactions.127 The first gas phase study on metal nitrate anion
fragmentation was completed by Li et al. using a tandem quadrupole mass spectrometer.123
Frański et al. reinvestigated these initial experiments using a quadrupole-TOF mass spectrometer
for collision induced dissociation.122 According to both studies, the primary decomposition
pathways for many transition metal nitrate cluster anions were the loss of NO3−, NO3•, and NO2•.
The charge of the metal affected the specific types of reactions observed in the clusters. While
the results were similar, different explanations were proposed for the variation in reactivity. Both
groups attributed loss of NO3• to the reduction of the metal charge via electron transfer. Li et al.
proposed O− atom abstraction resulted in the loss of NO2• leaving the oxidation state of the metal
and oxygen anion unaffected by the formation of the metal oxide fragment. 123 Li argued the low
collision energies used in the experiments were not sufficiently energetic to oxidize metal cations
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due to the reported high ionization energies (2nd, 3rd, 4th, etc.). Frański suggested oxidation of the
metal does occur upon O− abstraction based on the observations of secondary fragments with
formulas that agree with well-known metal oxides in high oxidation states, such as MnO4−,
FeO3−, and CuO2−.122 Recently, the UV photodissociation spectrum of Cu(NO3)3− was reported
by Kaufman.125 Results showed the formation of Cu(NO3)2− and loss of NO3• resulting from
electron transfer from a nitrate ligand to the metal center. Loss of NO3− was not reported in the
photofragmentation study.
Our work reports on the decomposition of copper nitrate anion clusters using a triple
quadrupole mass spectrometer. The 3d subshell of copper is completely filled or nearly filled
depending on the oxidation state of the metal. This simplifies the electronic structure of the metal
in comparison to many other transition metal ions, thusly making copper an appealing system to
investigate the fundamental processes involved in the previously reported fragmentation
pathways.

7.2

Methods
Copper (II) nitrate was purchased and used without further purification from VWR

Scientific. Solutions were made with a concentrations ranging from 0.1 mM to 1.0 mM using
HPLC grade methanol (25% vol.) and deionized water (75% vol.). The deionized water had a
resistance of 18.2 MΩ. A syringe pump was used to introduce solution into the ESI source at a
flow rate of 10 µL/min.
The experiments in this chapter were carried out using the mass spectrometer described
in Chapter 2. Nitrogen at 60 psi was used as the nebulizing gas. The ESI source voltage was
maintained at -4 kV with a current of 1 µA. The ions generated in the ESI source passed through
108

the heated capillary, held at 200°C, before entering the medium vacuum chamber. A skimmer
and electrostatic lenses focused the ions into a collimated beam before the ions entered the high
vacuum chamber. CID and ERMS experiments were carried out in accordance with the
procedures outlined in Chapter 2. Due to large experimental uncertainties, the ERMS studies are
not intended to measure accurate bond energies in this work. However, the energetic information
obtained from these studies is useful because relative differences in the appearance energies are
frequently related to relative differences and provide insight into fragmentation dynamics.122,123
The theoretical calculations in this work were carried out using the Gaussian 09 suite of
programs.75,76 Density Functional Theory (DFT) with the B3LYP exchange-correlation
functional77,78 with the 6-311+G(3df)75 basis set was used for structure optimization calculations.
The unrestricted wave function was used in open-shell species. No imaginary frequencies were
found in the vibrational frequency calculations of each structure. This ensured each optimized
structure corresponds to a local minimum. The natural population analysis (NPA) method was
used to calculate charges and electron configurations.128

7.3

Results
7.3.1

Mass Spectra

A representative ESI mass spectrum of the copper nitrate solution is shown in Figure 7.1.
The major peaks are NO3−, H(NO3)2−, Cu(NO3)2−, and Cu(NO3)3−. The most intense peak is
Cu(NO3)3−. The isotope pattern of a species containing a single copper atom is shown in the inset
in the upper-left corner of Figure 7.1. Charge reduction of the copper atom during generation of
the gas phase ion complexes occurs to form the second most intense product, Cu(NO3)2−.
Oxidation and reduction reactions have been reported in electrospray ionization.129-136
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Figure 7.1 Mass spectrum of 0.1 mM copper (II) nitrate solution in 25/75 (%v/v) methanol/water
solvent. The upper left inset shows the isotopic pattern for Cu(NO3)3−.
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7.3.2 Collision Induced Dissociation
The CID spectra of Cu(NO3)2− and Cu(NO3)3− are shown in Figure 7.2. The 63Cu isotope
was used to record the CID spectra because of its greater relative abundance. CID spectra from
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Cu were also collected and are analogous to the spectra shown here. Examination of Figure 7.2

shows similar results to those reported by Li and Frański.122,123 A typical CID mass spectrum for
Cu(NO3)3− is shown in Figure 7.2(a). The major products correspond to NO3− and Cu(NO3)2−.
The loss of NO3− produces a neutral copper (II) nitrate cluster. The metal is reduced to copper (I)
upon the loss of NO3• to form Cu(NO3)2−. A weak peak, corresponding to CuO(NO3)−, forms
from Cu(NO3)2−.
The CID spectrum of Cu(NO3)2− is shown in Figure 7.2(b). The major products observed
are NO3− and CuO(NO3)−. The loss of NO3− results in a neutral copper (I) nitrate cluster.
Formation of CuO(NO3)− from Cu(NO3)2− confirms this species is a secondary fragment in
Figure 7.2(a). Intracluster dissociation of a NO bond in a nitrate ligand results in the formation of
a Cu-O bond and loss of NO2•. CuO(NO3)− is formed as a fragment from this process. A second
O− abstractions from the intact nitrate ligand on CuO(NO3)− produces the low intensity fragment,
CuO2−.
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Figure 7.2: Collision induced dissociation mass spectra of (a) Cu(NO3)3− and (b) Cu(NO3)2− at
30 eVlab collision energy with 0.50 mTorr Ar collision gas.
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7.3.3 Energy Resolved Mass Spectrometry
The energy dependent fragmentation of Cu(NO3)3− is shown in Figure 7.3(a). At low
collision energies, the most intense fragment is NO3−, with an appearance energy of 1.2 – 1.3 eV.
It is difficult to assign an exact appearance energy due the broad onset of the signal. Cu(NO3)2−
has a slightly higher appearance energy at 1.5 – 1.7 eV. At approximately 4.5 eV Cu(NO3)2−
becomes the most intense product. CuO(NO3)− has the highest appearance energy at 3.5 – 4 eV.
The intensity of CuO(NO3)− remains low at all collision energies because it is a secondary
fragment.
The energy dependent fragmentation of Cu(NO3)2− is shown in Figure 7.3(b). At all
collision energies NO3− is the most intense fragment. The appearance energy of NO3− is 1.4 – 1.6
eV. CuO(NO3)− has a similar appearance energy of about 1.4 – 1.6 eV, but remains less intense
than NO3−. The relative intensity of CuO(NO3)− is about half the intensity of NO3− at higher
collision energies. Energy dependent fragmentation spectra of CuO2− was not measured due to
the low intensity of the fragment at the reduced pressure of the collision gas in this portion of the
experiment.
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Figure 7.3: Energy resolved mass spectra for the fragmentation of (a) Cu(NO3)2− and
(b) Cu(NO3)2−.
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7.4 Discussion
7.4.1 Cluster Fragmentation
Several interesting processes were observed in the fragmentation of Cu(NO3)3− and
Cu(NO3)2−. The first process is the loss of NO3−. Equation (7.1) relates the binding affinity of a
nitrate anion to the neutral salt.
CuI(NO3)2− → CuI(NO3) + NO3−

(7.1a)

CuII(NO3)3− → CuII(NO3)2 + NO3−

7.1b)

The Roman numerals indicate the formal oxidation state of the metal. The appearance energy of
NO3− is approximately 1.3 eV for CuII(NO3)3− and 1.4 – 1.6 eV for CuI(NO3)2−. The similarity of
these two binding energies suggest the increased electrostatic attraction of NO3− to the copper
(II) in CuII(NO3)3−, compared to copper (I) in CuI(NO3)2−, is offset by the additional repulsive
forces from the extra nitrate ligand.
The second process observed is the loss of NO3•. This process is the result of electron
transfer from a nitrate group to the copper atom, which only occurs in the dissociation of
CuII(NO3)3−. Equation (7.2) describes the dissociation process.
CuII(NO3)3− → CuI(NO3)2− + NO3•

(7.2)

The electrostatic force of the positive charge on the copper atom induces the electron transfer.
Previous work determined the electron detachment energy of NO3− to be 3.937 ± 0.0014 eV.137
Our work shows nitrate anions in copper clusters have an electron detachment energy around 1.5
– 1.6 eV. The ERMS spectrum in Figure 7.3a shows a competition between the NO3 and
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Cu(NO3)2 fragment for the excess electron. At low collision energies NO3− is the dominant
fragment; however, at higher collision energies Cu(NO3)2− is the dominant fragment.
This suggests the higher collision energies are capable of overcoming the large electron binding
energy of NO3−, leading to an increased rate of electron transfer to form CuI(NO3)2−.
The electron transfer observed in CuII(NO3)3− results in the formation of the reduced
cluster CuI(NO3)2−. The strong electrostatic attraction between the metal cation and the
remaining NO3− ligands bind the cluster together through ionic bonds. A second electron transfer
reaction would result in the reduction of the copper metal and loss of NO3•. Fragmentation of
CuI(NO3)2− did not show the loss of NO3•. The reduction of CuI(NO3)2− is most likely
indistinguishable from the loss of NO3− due to the weak binding energy in Cu0(NO3)−. Equation
(7.3) describes the fast, secondary dissociation of this cluster to produce NO3−.
CuI(NO3)2− → [Cu0(NO3)−]∗ + NO3• → Cu + NO3• + NO3−

(7.3)

Another explanation for why the loss of NO3• is only observed for CuII(NO3)3− is the
metal ion electronic structure. In CuI(NO3)2− the metal ion has a 3d10 electron configuration.
Electron transfer would result in the extra electron being placed in the higher energy 4s orbital.
The energy associated with occupation of the 4s orbital makes this process less competitive with
other fragmentation processes. In comparison, CuII(NO3)3− has a 3d9 electron configuration. This
configuration allows for an additional electron to be readily accepted to complete the subshell.
The most interesting process observed in the decomposition of the copper nitrate cluster
anions is the loss of NO2•. Figure 7.2 shows sequential loss of NO2• was observed in the
dissociation of CuI(NO3)2−, but was not observed in the dissociation of CuII(NO3)3−. This process
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requires the transfer of an O− atom from a nitrate ligand and the formation of a Cu−O bond,
described in Eq. (7.4).
CuI(NO3)2− → CuO(NO3)− + NO2•

(7.4)

The loss of NO2• requires a covalent NO bond to break. The bond energy required to break the
O2N−O− bond is calculated to be 4.69 eV.121 From our work, the appearance energy for the O−
transfer is about 1.4 – 1.6 eV. The difference between the calculated bond energy and the
measured appearance energy suggests the copper ion helps to facilitate the decomposition of the
covalent NO3− compound. Since this process was only observed in the CuI(NO3)2− clusters, it is
likely fragmentation is controlled by the oxidation state of the copper atom.
Frański recently argued metals with high charge density are more likely to undergo
charged particle transfer122; however, our work on copper nitrate anion clusters challenges this
argument. CuII(NO3)3− does not undergo O− abstraction, whereas CuI(NO3)2− does. Our work
shows the probability for O− abstraction depends on the charge density of the metal as well as the
electronic structure of the metal ion. CuI containing clusters are more likely to undergo O−
abstraction due to the ability of the unoccupied 4s orbital to readily accept a pair of electrons
from oxygen, which results in a strong ionic bond. CuII containing clusters are more likely to
undergo reduction to fill the lower energy 3d subshell.
O− abstraction was also observed from the fragmentation of CuO(NO3)−. The reactions in
Eq. (7.2) and Eq. (7.4) suggests O− abstraction only occurs if copper is in the +1 oxidation state.
The secondary O− abstraction from CuO(NO3)− is consistent with this observation. The loss of
NO3•, as a result of electron transfer, would be observed if Cu was in the 2+ oxidation state.
However, the corresponding CuO− fragment does not appear in Figure 7.2b. The lack of CuO−

117

signal could be due to the low electron binding energy of the fragment, 1.7810 ± 0.0014 eV,
which is limited by competitive loss of NO3−.138
An alternative explanation focuses on the formation of the CuO core from Cu+ and O−
within the CuO(NO3)− anion. Figure 7.4 shows a qualitative molecular orbital diagram for CuO.
High-level theoretical studies have shown an accurate description of the Cu-O bond is
theoretically challenging.139-143 The relative atomic orbital energies are based on calculations of
the isolated atoms. The core orbitals have been omitted in the orbital numbering scheme. The
qualitative orbital diagram makes the assumption the relative energies of the copper 3d orbitals
are well below the 4s orbital due to increased nuclear charge.144 Bond formation occurs through
interaction between the unoccupied copper 4s orbital with a lone pair of electrons from the 2pz
oxygen orbital. This is in good agreement with studies which predict CuO has considerable
Cu+(3d10)O−(2p5) character in its electronic ground state.140,141,145-147 Figure 7.4 does not agree
with the oxidation state previously assigned for CuO(NO3)−.122 The electron configuration of
CuO(NO3)− assumed a copper 3d10 electron was transferred to an oxygen atom, resulting in a
Cu2+(3d9)O2−(2p6) electron configuration. This electron configuration would only be possible if
the energies of the copper 3d orbitals were above the oxygen orbitals. To better understand the
fragmentation reactions and electronic structure of copper nitrate cluster anions, a more
advanced theoretical analysis, beyond the scope of this work, is required.
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Figure 7.4: Hypothetical molecular orbital diagram for the formation of CuO from Cu+ and O−.
The relative orbital energies suggest the copper atom is not oxidized upon bond formation with
oxygen and the unpaired electron remains on the oxygen atom.
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7.4.2

Optimized Structures

Optimized structures for Cu(NO3)3−, Cu(NO3)2−, CuO(NO3)−, and CuO2− at the B3LYP/6311+G(3df) level of theory are shown in Figure 7.5. The Roman numerals indicating the
hypothetical oxidation state of copper have been dropped for the remainder of the discussion. In
order to maximize the electrostatic forces between the electronegative oxygen and the positive
metal center, each nitrate group in Cu(NO3)3− binds through a bidentate fashion with two oxygen
atoms pointing towards the metal ion. The three equivalent nitrate groups adopt a roughly
trigonal planar arrangement due to the mutual repulsion of the ligands. The average Cu-O
distance of 2.17 Å with each nitrate group partially rotated out of plane.

Figure 7.5: Optimized copper anion cluster structures calculated at the B3LYP/6-311+G(3df)
level of theory. Atomic charges were calculated for each cluster using the natural population
analysis method.
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Cu(NO3)2− adopts a quasi-linear (actually C2h) structure. The nitrate groups are on opposite sides
of the metal in order to minimize the ligand-ligand repulsive forces. Both ligands are in the plane
of the molecule, with a single oxygen atom from each nitrate group interacting strongly with the
copper ion. The Cu−O distance is 1.89 Å. The calculated structure for CuO(NO3)− is similar to
the structure for Cu(NO3)2 with a NO2 group removed. The Cu−O bond distance, 1.92 Å, is
essentially unchanged for the remaining nitrate group. However, the bond distance of the lone
Cu−O bond is shortened to 1.76 Å. CuO2− has a linear structure, with a Cu−O bond distances of
1.69 Å. The optimized structures reported in this work are in good agreement with those reported
for Cu(NO3)3− and Cu(NO3)2− at the PBE0/def2-TVZP level of theory.125
Figure 7.6 shows the corresponding neutral structures for Cu(NO3)2, Cu(NO3) and CuO.
The clusters are highly symmetric and planar. The neutral clusters have bidentate bonding in the
ligand groups with equivalent Cu−O bond distances. Cu(NO3)2 has Cu−O bond distances of 1.97
Å, whereas Cu(NO3) has Cu−O bond distances of 2.06 Å. The difference in the relative bond
distances reflects the role of the copper oxidation state on the ionic bond strength. The addition
of a nitrate group to Cu(NO3)2 to form Cu(NO3)3− results in an increase in electrostatic repulsion.
This results in longer Cu−O bond distances. A change in ligand binding from bidentate to
monodentate occurs as a result of the addition of a nitrate group to Cu(NO3) to form Cu(NO3)2−.
The monodentate bond is made by strongly bound oxygen atoms in Cu(NO3)2−. These stronger
bonds result in the shorter Cu−O bond distances in Cu(NO3)2− compared to Cu(NO3).
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Figure 7.6: Optimized neutral copper cluster structures calculated at the B3LYP/6-311+G(3df)
level of theory. Atomic charges were calculated using the natural population analysis method.
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7.4.3

Energetics

Table 7.1 contains the calculated dissociation energies (electronic and zero point energy
differences) of the copper nitrate cluster anions. The loss of NO3− from Cu(NO3)3− has a
calculated energy of 1.90 eV, whereas the loss of NO3• is calculated to require 2.10 eV. For
Cu(NO3)2−, the loss of NO3− is calculated to be 2.67 eV. The loss of NO2• is calculated to be 2.69
eV. These energies are in good agreement with the order of the experimental appearance
energies in Figure 7.3. However, the theoretical energies are larger than the reported
experimental values. It is important to note the relative differences are in reasonable agreement
with experiment. For example, the appearance energies for the loss of NO3− and NO2• from
Cu(NO3)2− are nearly identical. The difference in the calculated energies is only 0.02 eV. Various
sources of error could contribute to the disagreement between the experimental and theoretical
values. The theoretical energy differences reported in Table 7.1 do not account for transition
state geometries or possible energy barriers to dissociation. The calculated energy differences do
not account for relativistic and spin-orbit effects. Additionally, the open-shell species are
expected to have multi-reference character.148,149 The single determinant methods used in this
work can only be expected to provide qualitative energetic information. Experimental sources of
error also contribute to the disagreement. The internal energy distribution is unknown for the
ions generated in the source. Lowered appearance energies relative to theoretical dissociations
energies can occur from additional internal energy carried by the precursor ion. Other possible
sources of error have been previously discussed.
The appearance energy CuO(NO3)− → CuO2− + NO2• was not measured. However,
calculations predict this reaction requires 3.58 eV. This reaction energy is consistent with the low
relative intensity observed for this secondary product in Figure 3.3b.
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Table 7.1: Calculated energy differences (including zero point energy corrections) for
dissociation reactions of copper nitrate anions at the B3LYP/6-311+G(3df) level of theory.

Reaction

Energy (eV)

Cu(NO3)3− → Cu(NO3)2 + NO3−

1.90

Cu(NO3)3− → Cu(NO3)2− + NO3•

2.10

Cu(NO3)2− → Cu(NO3)2 + NO3−

2.67

Cu(NO3)2− → CuO(NO3)− + NO2•

2.69

CuO(NO3)− → CuO2− + NO2•

3.58

Table 7.2: Calculated charges and electron configurations for copper atoms at the B3LYP/6311+G(3df) level of theory using a natural population analysis.
Charge on
Copper atom electron
Change in number of
Species
copper atom
configuration
3d electrons1
(e.s.u.)
Cu(NO3)3−
−

+1.049

[Ar] 4s0.313d9.304p0.33

+0.663

[Ar] 4s

+0.48

CuO(NO3)−

+0.664

[Ar] 4s0.543d9.654p0.15

–0.14

CuO2−

+0.806

[Ar] 4s0.563d9.334p0.30

–0.31

Cu(NO3)2

+1.075

[Ar] 4s0.323d9.354p0.25

0

CuNO3

+0.809

[Ar] 4s0.173d9.944p0.08

+0.60

0.46

9.78

0

0.10

Cu(NO3)2

0.45

3d

9.76

4p

0.05

CuO
+0.724
[Ar] 4s 3d 4p
–0.18
1 change is calculated relative to the number of electrons in the previously listed species in the
table
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7.4.4

Metal Oxidation State

Of particular interest to this study is the oxidation state of the copper atoms, particularly
in the CuO(NO3)− and CuO2− fragments.127 To determine the relationship between calculated
charges and oxidation state, theoretical atomic charges were used. The NPA method was used to
calculate the charges on the atoms in each cluster. Similar trends were observed for the Mulliken
charges. The NPA charge of each copper atom is listed in Figure 3.5. Calculated charges are all
lower than the expected formal oxidation state for each copper atom. These charges are
summarized in Table 7.2. The formal charge of copper in Cu(NO3)3− is expected to be 2+. The
calculated charge is +1.049. The copper atom is expected to have a +1 oxidation state in
Cu(NO3)2−, but the calculations predict a charge of +0.663. This shows the calculated charges are
approximately one half the magnitude of the expected formal charges assigned to the ionic
compounds. Electron density donated by the NO3− ligands can account for the differences
between the formal and calculated charges. The calculated charges for neutral copper nitrate
clusters are also included in Table 7.2. For Cu(NO3)2 the calculated charge on the copper atom is
+1.075. The calculated charge is +0.809 for Cu(NO3). The assigned oxidation state and
calculated charges are similar in magnitude. The values act as guides for the oxidation state
assignments in other clusters. The largest difference between the neutral and anion clusters is the
charge for Cu(NO3) versus Cu(NO3)2−. Ligand bonding is responsible for the lower calculated
charge on the copper atom in the anion cluster. More favorable electron donation to the metal is
possible due to the shorter Cu-O bonds in Cu(NO3)2−. This allows for a smaller net charge.
Examination of the copper atom charges in Cu(NO3)3− and Cu(NO3)2− shows the charge
on the copper atom decreases. This is consistent with reduction following the loss of NO3•. The
calculated charges are nearly identical, +0.664, for the copper atom in CuO(NO3)− and
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Cu(NO3)2−. This suggest copper is not oxidized in the reaction Cu(NO3)2− → CuO(NO3)− + NO2•.
This is in agreement with predictions based on Figure 7.4. CuO(NO3)− is expected to undergo
oxidation upon a second O− abstraction and loss of NO2•. The calculations show an increase in
the positive charge on the copper atom to +0.806, which is consistent with metal oxidation. In
comparison to Cu(NO3)3−, a similar copper (II) compound, CuO2−, has a smaller calculated
charge for the copper atom. The difference in the calculated charges for these two species can be
attributed to the electron density donated by oxygen atoms in CuO2− as a result of the
significantly shorter Cu−O bond distances.
NPA calculations were also used to obtain the electron configuration of the copper atoms in
Cu(NO3)3−, Cu(NO3)2−, CuO(NO3)−, and CuO2−. An inconsistent degree of electron donation
from the ligands leads to some ambiguity in comparing the calculated charges to the expected
oxidation states. Table 7.2 contains the calculated electron configurations. Nearly identical
results were obtained for several clusters using various levels of theory and basis sets. Of
particular interest to this work is the number of electrons occupying the 3d subshell for each
species. Electrons in the 4s and 4p valence orbitals are sensitive to electron density donated by
the nitrate ligands or oxygen atoms during bond formation. Calculations predict a 3d9.35 electron
configuration for the 3d subshell of copper in Cu(NO3)2. This is in good agreement with the
hypothetical configuration of 3d9. In the formal charge limit, Cu(NO3)3− is expected to have a 3d9
electron configuration. Calculations predict a 3d9.30 configuration. Cu(NO3) and Cu(NO3)2− have
hypothetical 3d10 electron configurations with a Cu+ cation. Calculations assign a 3d9.94 and 3d9.78
configuration, respectively, for each cluster. These calculations suggests the addition of a nitrate
group to CuNO3 partially oxides the copper atom due to the short Cu-O bond in Cu(NO3)−. The
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formal charge limit is similar to the expected configuration for both the anion and neutral
clusters.
The electron configuration for CuO(NO3)− is calculated to be 3d9.65, 0.13 electrons less than
Cu(NO3)2−. This indicates the copper atom is not fully oxidized as a result of the first
O− abstraction. The electron configuration of CuO2−, produced from Cu(NO3)2− after the second
O− abstraction, is 3d9.33. These calculations show the metal ion in CuO(NO3)− has an electronic
configuration similar to Cu+, whereas the copper ion in CuO2− has an electronic configuration
similar to Cu2+.
Comparison between the electronic configurations of the copper atom from the
O− abstraction in neutral CuNO3 → CuO + NO2• and O− abstraction in Cu(NO3)2− were also
explored. The influence of the nitrate ligand on the electronic structure and reactivity of CuO
within the CuO(NO3)− cluster can be estimated from O− abstraction of CuNO3. This generates
CuO without an additional nitrate anion. The copper ion charge is reduced from +0.809 in
CuNO3 to +0.724 in CuO. This is opposite the expected change for oxidation. However, the
difference can be attributed to the bonding electrons from oxygen interacting with the 4s orbital
of the copper. A slight decrease in the number of calculated 3d electrons from 3d9.94 in Cu(NO3)
to 3d9.76 in CuO is predicted. This result indicates full oxidation of the copper ion is not expected
upon O− abstraction.
Table 7.3 summarizes the findings of this work. The loss of NO3• from Cu(NO3)3− results in
the reduction of copper. However, the metal is not effectively oxidized after the first O−
abstraction and loss of NO2• in Cu(NO3)2−. Oxidation is expected upon the second O− abstraction.
Previously both O− abstraction reactions were expected to oxidize the metal. This would require
the copper atom in CuO(NO3)− to have a 3d9 electron configuration. The copper atom in CuO2−
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would then have to have a +3 oxidation state.122 This is contradictory to our calculations and
observed reactivity. Reduction of CuO(NO3)− by electron transfer was not observed, but is
expected if the metal has a 3d9 configuration. Theoretical calculations predict the electron
configuration of copper in CuO(NO3)− to be a 3d10, corresponding to Cu+. The theoretical
electron configuration for the copper atom in CuO2− is characteristic of a 3d9 metal, meaning the
copper atom is expected to be in the 2+ oxidation state.

Table 7.3: Summary of the decomposition reactions of copper nitrate anion clusters and the
oxidation state of the metal in the reactant and product according to theoretical calculations.
Copper atom oxidation state
Reaction
Type
Reactant
Product
Cu(NO3)3− → Cu(NO3)2− + NO3•

Reduction

+2

+1

Cu(NO3)2− → CuO(NO3)− + NO2•

--

+1

+1

Oxidation

+1

+2

CuO(NO3)− → CuO2− + NO2•

7.5 Conclusions
Three fragmentation reactions were observed in the decomposition of copper nitrate cluster
anions: the loss of NO3−, NO3•, and NO2•. It was determined the metal oxidation state dictates the
preferred fragmentation reaction for each cluster. Loss of NO3• was observed for Cu(NO3)3−,
whereas loss of NO2• was observed for Cu(NO3)2−. The difference in reactivity for each cluster
was attributed to the metal ion electronic structure. The preferential loss of NO3• results from
electron transfer, which fills the 3d subshell of copper in Cu(NO3)3−. O− abstraction, resulting in
the loss of NO2•, is observed in Cu(NO3)2−. This is attributed to the completely filled 3d subshell
of copper in Cu(NO3)2−. Theoretical calculations predicted copper is not fully oxidized upon O−
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abstraction from Cu(NO3)2−. However, oxidation is expected as a result of the dissociation of
CuO(NO3)− into CuO2−. Theoretical analysis indicates reduction, oxidation, or no change in
oxidation state may occur in the decomposition of metal-nitrate cluster anions. The type of
reaction observed in a cluster is governed by the metal ion charge and electronic structure.
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CHAPTER 8
CONCLUSIONS
8.1 Summary of Dissertation
This dissertation has focused on making energetic measurements on gas-phase nitro
containing anions. These fundamental measurements can be utilized in the design and
development of new energetic materials. Two techniques were employed in this dissertation to
accomplish this objective. Mass spectrometry was utilized to measure bond dissociation energies
for a number of anionic species ranging from copper nitrate clusters to the three isomers of
deprotonated nitrophenol. Photoelectron imaging was used to determine vertical detachment
energies, electron affinities, as well as solvation energies. Individually, these two techniques
provide key pieces of information needed to complete the negative-ion thermochemical cycle.
This has been demonstrated through the work discussed in this dissertation.

8.2 Conclusions from Photoelectron Imaging Studies
Chapter 3 describes the first study conducted using the homebuilt negative ion
photoelectron imaging spectrometer described in Chapter 2. This study focused on CH−.
Photoelectron images were collected from 410 nm to 600 nm. Two electronic transitions, X2Π ←
X3Σ− and 4Σ− ← X3Σ− were observed in the photoelectron spectra. These transitions were assigned
to the removal of an electron from the 1π and 3σ orbitals of CH−, respectively. The photoelectron
angular distributions were analyzed using the qualitative s and p model and the quantitative
mixed sp model. The s and p model did not accurately predict the sign of the anisotropy
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parameter for detachment from the 3σ orbital of CH−. The mixed sp model did not accurately
model the PAD corresponding to electron detachment from the 3σ orbital. Further analysis shows
the disagreement between experiment and the mixed sp model is the result of a temporary anion
state. The temporary state has a lifetime sufficiently long to allow for molecular rotation before
the electron is ejected, resulting in an isotropic distribution at low electron kinetic energies. This
work provides evidence for a temporary anion excited state of CH− not previously observed or
predicted.
Chapter 4 contains the results of the second study using the negative photoelectron
imaging spectrometer. In this work, the solvation effects, as well as ion energetic properties,
were investigated for nitromethane and nitromethane cluster anions. These anions include the
dimer and trimer clusters and hydrated nitromethane anion. Vertical detachment energies and
estimated electron affinities were obtained from the photoelectron spectra. Differences in the
vertical detachment energies were used to approximate the solvation energies of the clusters. The
broad, featureless bands observed in the photoelectron spectra does not allow for direct
assignment of the cluster structures. However, theoretical calculations were used to investigate
the possible cluster geometries. The calculated structures agree well with experimental vertical
detachment energies and estimated electron affinities. Using differences in the detachment
energies, tentative structure assignments were made for the dimer and trimer cluster anions.
Vibrational spectroscopy experiments are needed to confirm these assignments. Study of the
calculated structures suggests the clusters are formed from a single nitromethane anion solvated
by neutral nitromethane molecules through O…H-C interactions.
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8.3 Conclusions from Mass Spectrometry Studies
Chapter 5 focused on observing the fragmentation reactions of nitrobenzene and
nitrotoluene radical anions. Additionally, this study was concerned with determining the C-N
bond dissociation energies in nitrobenzene and nitrotoluene radical anions. CID spectra showed
each nitroaromatic anion produced a single fragment, NO2−, under all experimental conditions.
This shows other common decomposition reactions, such as nitro-to-nitrite rearrangement and
loss of NO•, only occur in the neutral and cationic forms of the compounds studied. The C-N
bond dissociation energies of each nitroaromatic radical anion were determined from the
appearance energies of the NO2− fragment. Accurate energies were determined by modeling the
threshold curves using CRUNCH4D. The dissociation energies were all determined to be
approximately 2 eV. This work shows the position of the nitro substituent has a negligible
influence on the strength of the C-N bond in nitrobenzene and the three nitrotoluene isomers.
The anions were reported to have lower dissociation energies than the neutral species. This is
attributed to the addition of the excess electron to the π* orbital of the aromatic compound.
Chapter 6 discusses the results from CID and ERMS studies on the three isomers of
deprotonated nitrophenol. From the CID studies, three common fragments were observed for
each anion. These three fragments correspond to C6H4O•−, NO2−, and C6H4O2•−. An additional
common fragment, C5H4O•−, was identified in the CID spectra of the ortho and meta isomers of
deprotonated nitrophenol. ERMS spectra show the lowest energy fragment for each isomer is
C6H4O2•−. This fragment has an appearance energy between 2.5 eV and 3 eV. The C6H4O•−
fragment appears between 3 eV and 4 eV for all compounds in this work. Good agreement was
found between the theoretical calculations of the nitro-to-nitrite isomerization barrier and the
measured appearance energies. The appearance energies for the NO2− and C5H4O•− fragments are
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between 3 and 3.5 eV for the ortho and meta isomers. The appearance energy for these fragments
is approximately 4 eV for the para isomer. In general, there is good agreement between the
experimental dissociation energies and theoretical calculations. The C-N bond dissociation
energies of the deprotonated nitrophenol anions were compared to the corresponding neutrals
and nitrotoluene neutral and radical anions. These results show the C-N bond energy increases
for the deprotonated nitrophenol anions. This is attributed to the stabilization of the
nitrophenoxide anion.
Chapter 7 explored the fragmentation reactions of copper nitrate anion clusters using
tandem mass spectrometry. The results from this work show the oxidation state of the metal
determine the fragmentation reactions each cluster anion undergoes. Clusters containing copper
(II) underwent the loss of NO3• but not loss NO2•. Copper (I) containing clusters undergo the loss
of NO2• but not the loss of NO3•. This difference was attributed to the reactivity of the 3d
subshell of the copper ion. In Cu(NO3)3− the 3d subshell is filled upon electron transfer, resulting
in the preferential loss of NO3•. During this process the copper atom is reduced. In the case of
Cu(NO3)2 clusters, the completely filled copper 3d subshell causes a different reaction to occur.
The nitrate ligand donates an electron from an oxygen lone pair into the empty Cu 4s orbital.
This causes O− abstraction and formation of a metal oxide bond. Theoretical calculations
suggests the copper atom is not oxidized upon O− abstraction for the from Cu(NO3)2− to produce
CuO(NO3). However, oxidation is expected to occur in the dissociation of CuO(NO3)− to form
CuO2−. The major conclusion from this work suggests the type of fragmentation reaction
observed in a cluster is dependent on the charge and the electronic structure of the metal ion.
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