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Ultraviolet photoelectron spectroscopy has been used to study several negative
organic ions and their corresponding neutrals: cyclopentadienide, pyrrolide, imidazolide,
pyrazolide, vinyl diazomethyl anion, and 2-oxepinoxide. The photoelectron spectra obtained
for these systems gives structural, vibrational, and electronic information about the
corresponding neutral radicals.

Several of the ions listed above are related: cyclopentadienide, pyrrolide,
imidazolide and pyrazolide. Each is a 5-membered ring system, with 0, 1, or 2 nitrogen
atoms in the ring. The cyclopentadienyl radical is a well known radical exhibiting Jahn-
Teller distortion, and these effects are evident in the photoelectron spectrum of
cyclopentadienide. Replacement of one C—H group in cyclopentadienide by an N atom
gives the pyrrolide ion. Jahn-Teller effects are no longer present in the radical counterpart,
pyrrolyl; however, electronic interactions between the ground and first excited states are
evident in the photoelectron spectrum. Imidazolide and pyrazolide are isomers of one
another, and each has two N atoms in the ring. In imidazolide the N atoms are separated,
while in pyrazolide they are adjacent. The corresponding radicals (imidazolyl and pyrazolyl)
also show interesting electronic interactions between their ground and first excited states. In
imidazolyl the interactions are weak, and the effects are not evident in the photoelectron
spectrum. In pyrazolyl they are significantly stronger, and unexpected vibrational bands
appear in the photoelectron spectrum as a result.

Also observed in the spectra of imidazolide and pyrazolide were photoelectron
signals from other isomers. These isomers are nearly structurally identical to the imidazolide

and pyrazolide ions, with the exception that a hydrogen atom is displaced from a carbon site
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to a nitrogen site. The photoelectron spectra of these isomers appear very different.
Electronic interactions in the analogous radicals are not present, and the photoelectron spectra
appear very Franck-Condon like. Gas-Phase acidities for these ions were also obtained
through bracketing experiments. Combination of the electron affinities obtained from the
photoelectron spectra with these gas-phase acidities allows for determination of a C—H bond
dissociation enthalpy of the parent molecules imidazole and pyrazole.

Although not a ring system, the vinyldiazomethyl anion is an isomer of imidazolide
and pyrazolide. It can be thought of as a ring opened pyrazolide ion (by breaking a C—N
bond). Its photoelectron spectrum is rather simple, appearing very Franck-Condon like.
Interestingly, it appears that the spectrum originates mostly from the E-vinyldiazomethyl
anion only; there is little indication of the presence of the Z-isomer. Franck-Condon
simulations show each isomer would have a different spectral signature.

The 2-oxepinoxide anion is a seven-membered ring containing oxygen. The
corresponding neutral, the 2-oxepinoxy radical, is a proposed intermediate in the combustion
of benzene. The phenyl radical is expected to be formed first in a benzene flame, and many
pathways for reaction of phenyl radical with O, have been studied theoretically. The phenyl-
peroxy radical is thought to isomerize into the 2-oxepinoxy radical as a first step to the
formation of CO, CO,, and other combustion products. Production of the 2-oxepinoxide ion
and subsequent photodetachment to form the 2-oxepinoxy radical is one of the first

experimental steps to be taken to investigate these combustion pathways.
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1 Introduction

1.1 Anion Photoelectron Spectroscopy

Photoelectron spectroscopy is a useful tool for studying the properties of atomic and
molecular anions, neutrals, and cations.'” Neutral photoelectron spectroscopy involves
measuring the kinetic energy of an electron removed from a neutral species with a photon,
resulting in a cation and a free electron. Similarly, anion photoelectron spectroscopy involves
measurement of the kinetic energy of an electron removed from an anion by a photon. Proper
choice of the anionic species allows one to study unstable or short lived neutral species such
radicals and transition states.’

An atomic anion (M") can absorb a photon of sufficient energy (hv) to detach an
electron (¢) with some kinetic energy, leaving a neutral, M+ hv > M + e. In anion
photoelectron spectroscopy experiments, these electrons are collected and their kinetic energy
distribution is measured. This distribution reflects the internal energy of the resulting neutral
species. Conservation of energy requires that the energy of the photon absorbed in the
detachment (hv) be equal to the kinetic energy of the detached electron (eKE) plus the
binding energy of the electron (eBE), hv = eKE + eBE. If the energy of the incident photon
is large enough, more strongly bound electrons can be detached from the anion resulting in
electronically excited neutrals.

For atomic anions, the transitions from anion to neutral are purely electronic. With
photons of a single energy, there will be discrete electron kinetic energies, each
corresponding to detachment of a particular anion state to an electronic state of the neutral.
As an example, Figure 1.1 shows the photoelectron spectrum of oxygen anion (O7), and

reflects the two lowest spin-orbit states of O~ (2P3/2,1/2) detaching to the three lowest states of



Electron Kinetic Energy / €V

1.90 1.92 1.94 1.96 198
L ] 1 ] 1 ] L |
12000 - 0 ] 2.J B
JO_ ] Il 1J"=1/2
"_ | | |
10000 - J=312 -
3 -2

. OCP,) <O (P,)
=
g 8000 -+ — =0 -
{: A A /=1
@]
E 6000 - Al & J=2 3
L
©
@]
2 4000 4 -
= J'=1/2

2000 + J"=32 F

0 -

1.50 1.48 1.46 1.44 1.42
Electron Binding Energy / eV
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the O (3P2,1,o) states.’



oxygen atom (°P,, ). For the spectrometer described in Chapter 2, the linewidth of atomic
transitions is the instrumental linewidth, typically 6-12 meV fwhm Gaussian lineshape.

Molecular photoelectron spectra, on the other hand, can be considerably more
complex than atomic photoelectron spectra, due to the fact that many vibrational and
rotational levels may exist within a single electronic manifold."* This internal energy must
be taken into consideration when conservation of energy is applied to the system. Consider
the photoelectron spectroscopy of a stable diatomic anion, AB™. This ion will have a
distribution of vibrational (E;), rotational (E,.), and electronic (E..) energies. Likewise, the
resulting neutral species will also have vibrational, rotational, and electronic energies,
yielding the following for conservation of energy:

ABTE" (V') HE" (I FE"stec ] thv 2 AB[Ein(V)E'10i(J") + E'siec] + € (eKE) (1.1)
where a double prime indicates the initial state (the anion), and a single prime indicates the
final state (the neutral). Since our instrumental resolution is typically inadequate to observe
individual rotational levels, rotational broadening of an individual band is taken into account
by application of a rotational correction® to the final energies obtained through:

ABTE" (V") + E"eiec] + hv 2 AB[E'ip(V') + E'gec] + € (eKE) (1.2)
Figure 1.2 depicts the potential energy curves and vibrational energy levels for this
hypothetical system.

The ion production method described in Chapter 2 produces ions which are
thermalized to room temperature.” '° Unless there are low lying electronic states in the anion
(such as in O"), there will typically be only one electronic state of the anion populated, with a
thermal distribution of vibrational levels. The transition from the anion ground electronic,
vibrational, and rotational state to the neutral ground electronic, vibrational, and rotational

state is the origin of the electronic absorption (photodetachment) band. The energy of this
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transition is defined as the adiabatic electron affinity (EA) of the neutral species, EA(AB). A
similar transition between the ground state of the anion and an electronically excited state of
the neutral can yield an electronic energy splitting for the neutral, commonly referred to as a
term energy, To. The term energy is simply the difference in binding energies between the

ground vibrational level of the ground electronic state and the ground vibrational level of the

excited electronic state: T, = EY -EJ.

Since the vibrational energy levels of the anion and neutral are quantized, electrons
will be detached with discrete energies corresponding to the transition between a particular
vibrational state in the anion, and a vibrational state of the neutral. Transitions from a
vibrationally excited anion, known as hot-bands, typically appear in the room temperature
spectra and contain vibrational information for the anion. Likewise, transitions from the
ground vibrational state of the anion yield vibrational information for the neutral species. By
precisely measuring the difference between the discrete electron energies, relative vibrational
energies can be determined.

The identities of different electronic states appearing in a photoelectron spectrum are
determined by the orbital from which the outgoing electron is detached. For example, in a
closed shell atomic anion, detachment of an electron from an s-orbital or p-orbital will
respectively result in doublet S and doublet P states of the neutral atom appearing in the
spectrum. Similarly, for a closed shell molecular anion, detachment of an electron in o-type
or mi-type orbitals will result in doublet 6 and doublet 7 states appearing in the spectrum. The
energy necessary for these detachments can be approximated by the absolute energy of the

orbitals in which the detached electrons are found in the anion.



1.2 Photoelectron Intensities and Selection Rules

The transition dipole moment, M, provides valuable information about a
spectroscopic transition. In particular, selection rules can be derived to determine whether or
not a transition is allowed and thus whether or not it is expected to be observed.
Additionally, the square of the transition dipole moment is proportional to the intensity of a
transition, allowing for direct comparison of the strengths of different transitions.'" 2
Specifying the initial and final states of the system by wavefunctions ¥, (r,q) and

W/(r,q), respectively, and the transition moment operator by (r,q), the transition dipole

moment is given by integrating over all electronic (7) and nuclear (g) coordinates:

M =(¥,(r,)| u(r.9)| ¥, (r.9) (1.3)

The Born-Oppenheimer approximation is invoked to separate the nuclear and atomic
motion from one another. This approximation is based on the assumption that the electrons
are much lighter and faster than the nuclei and can react quickly to changes in nuclear
positions. The wavefunction for the system can then be separated as:

\P(FaQ) = l//vib(q) l//elec’(raq) (1.4)

Substituting into the transition dipole moment gives:

M = (U, DV ees - D) | G- DV @V 2 D)) (1.5)

If the transition moment operator is resolved into the sum of an electronic part and a nuclear

part the transition dipole moment becomes:

M = <l//vib,i (q)‘//elec,i (”', Q) ‘ /Llelec (”') + /Llnuc (q)‘ l//vib,f (q)l//e/ec,f (7", Q)> (1 6)

M = (o, DV e 2D ee O Wiy @V e D)) .
(Vo DV e s D e D Wi (@ e (7 0)) '

Recognizing that the nuclear transition moment and vibrational wavefunctions do not depend

upon the electronic coordinates, the second term in equation 1.7 can be rewritten, yielding:



M = <l//vib,[ (Q)‘//elec,i(ra q)‘ﬂelec (’”)‘ l//wb,_/’(‘I)Wezec,f (r, q)> (18

+ (W (D) 10DV (D) Ve s - D W, 2 0))

Noticing that electronic wavefunctions of different electronic states are orthogonal, it is clear
that the second half of equation 1.8 is zero. Assuming the Condon approximation, the
electronic wavefunctions are nearly constant over the range of nuclear coordinates sampled
by the molecule and can be approximated as having an average internuclear separation of g.

The remainder of the transition dipole moment can then be separated as:

M = (Vo (D[ Vot D) Wotees (90| e O |V (,0)) (1.9)

The square of equation 1.9 is proportional to the relative intensity of a transition:

15 M =)0, @] W @) [Vt 20| 1P| W a0 (1.10)

Where the electronic transition strength 1S Werec,i (7:q0)|tetec()| Wetee,f (r,90))|* and the Franck-
Condon factor is the square of the vibrational wavefunction overlap, [y, (q)) l//v,ﬂ;,‘_,-(q))|2. A
consequence of the Condon approximation is that for a given pair of electronic states, the
electronic transition strength will be the same for all vibrational transitions and the relative
intensities for the different vibrational transitions will be directly related to the Franck-
Condon factors.

In the case of electron detachment, the initial-state wavefunctions describe the anion
and the final-state wavefunctions describe the neutral species plus a free electron.”® This
leads to an important difference from typical electronic absorption spectroscopy: the total
spin of the system must still be conserved, but since the electron detaches with a spin of + /2
h, the spin of the molecule must also change by the same amount. This allows for appearance
of both singlet and triplet states in a photoelectron spectrum when detaching from a doublet
anion, allowing for direct measurement of a singlet-triplet splitting. Since only one electron

is involved in the transition, a more general form of the spin selection rule for the molecule is



AS = £ 5. When there are resonance states in the continuum, however, this spin selection
rule does not hold, such as in the case of N, where there are shape and Feshbach resonances
and two electrons can be involved in a transition."

Since the absorbed photon brings with it 1h of angular momentum, an angular
momentum selection rule exists for the system (molecule + unbound electron) of AJ =0,
+1, completely analogous to conventional bound-bound spectroscopy. The outgoing electron
may carry the angular momentum of the photon; if the electron is initially in an atomic s-type
orbital, conservation of angular momentum requires that the electron be promoted to a p-type
orbital, or detached as a p-wave. Similarly, an atomic p-type electron will be promoted to
s-type or d-type orbitals, or detached as an s-wave or d-wave. For molecular orbitals, the
detachment process is more complicated. A picture analogous to atomic detachment suggests
that detachment from a ¢ molecular orbital will result in an outgoing wave with a m-type
shape, and detachment of an electron from a 7 orbital will yield interfering o-type and d-type
waves.

Each electronic state appearing in the photoelectron spectrum of a polyatomic anion
is made up of one or more vibrational peaks. In atomic or molecular systems, there are 3N
degrees of freedom, where N is the number of atoms. Of these, 3 degrees of freedom
correspond to translation of the center of mass of the system, and for a nonlinear polyatomic
molecule, like those described later in this dissertation, 3 more degrees of freedom
correspond to the different rotations of the molecule as a whole. This leaves 3N-6 degrees of
freedom for molecular vibrations. Assuming the normal mode approximation, the 3N-6
vibrational modes are separable and the overall Franck-Condon factor becomes a product of
Franck-Condon factors for each vibrational mode.

Assuming the vibrations are all harmonic, vibrational selection rules can now be

determined. For a non-zero Franck-Condon factor, the product {y;u; ()| Wiss (¢)) must be



totally symmetric; thus, totally symmetric vibrational modes can be active in a photoelectron
spectrum for any Av. By symmetry, the Franck-Condon factors for non-totally symmetric
vibrational modes are zero for Av = £1, £3, £5... but can be non-zero for Av = 0, £2, +4....
In practice, non-totally symmetric vibrational modes have significant Franck-Condon factors
only for Av = 0 unless there is a large change in the vibrational frequency between the anion
and the neutral.

Figure 1.2 shows potential curves in which there is only a small geometry change
upon photodetachment. This results in the band origin having the largest Franck-Condon
overlap which is thus the most intense feature in the spectrum, as seen in the curves on the
left side of Figure 1.2. In some cases, however, the geometry shift upon photodetachment
can be large. This will result in a small Franck-Condon factor for the band origin and much
larger Franck-Condon factors for vibrationally excited levels of the neutral. The point in the
spectrum with the most intensity (and largest Franck-Condon factor) is often referred to as a
vertical detachment energy (VDE). This energy corresponds to the energy required to
remove an electron with no geometry change. Figure 1.3 shows hypothetical potential energy
curves for a harmonic oscillator where there is a large geometry change, and illustrates the

differences between the band origin and VDE.

1.3 Nonadiabatic Effects

The above discussion of transition strengths holds well for many systems where the
electronic state density is low. When electronic states lie very close in energy, there can be
strong interactions between states. This usually indicates that non-adiabatic terms neglected
in the Born-Oppenheimer approximation become significant contributions to the potential

energy surface.
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Mathematically, the potential energy surface can be represented by an expansion of
the Hamiltonian about a reference nuclear configuration in the basis of noncoupled electronic

states.' Including up to second-order terms, the potential is:

Vi=Vo+ D2 ([ ZHY)0, +3 D (W[5 W,)0.
oH

\Pk><\P oH

= (P, 20, k120,

a ki Ek - E,'

LPi> (1.11)

Qa2

Here, the index o covers all the normal modes, while i and k& describe all the relevant
electronic states. The last term in Equation 1.11 is where interactions between different
electronic states can arise. The matrix elements in this term are nonzero only when
considering the appropriate symmetry vibration which can couple the two electronic states.
For example, consider a molecule in the C,, point group with electronic states of A, and B,
symmetry. The last term in Equation 1.11 is nonzero only when considering b, vibrations
since a; X b; =b,. Also, notice that when the energy splitting between two electronic states is
small, this term can become very large.

This type of coupling can have large effects on the potential energy surfaces of
interacting electronic states. For example, if the coupling term is large enough, the potential
surface can curve downward along a coupling coordinate, transforming a stationary point
which would otherwise be a minimum into a transition state with one or more imaginary
frequencies. When considering the interaction where E; — E; is negative, this term causes the
potential surface to become steeper along the coupling coordinate, and can shift vibrational
frequencies to much larger and unexpected values. Often, when electronic structure
calculations compute frequencies that are too large or too small for a system which is
otherwise expected to have “normal” vibrational frequencies, it may be an indication that

electronic states are interacting with one another.
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14 Photoelectron Angular Distributions

Photoelectron intensities can also vary with the polarization of the incoming linearly

polarized photons.' '

By controlling the angle between the laser polarization and the
photoelectron collection axis it is possible to measure the relative angular distributions of a

photoelectron spectrum. Photoelectron intensities have angular distributions according to:
O-total
Ioc4—[1+ﬂP2(c0sl9)] (1.12)
T

where P,(cos ) is the second Legendre polynomial [Y(3cos*@—1)], @ is the angle between
the laser polarization and the photoelectron collection axis, ¢, is the total photodetachment
cross section, and £is the anisotropy parameter which can range from —1 to 2.'>'¢

Detachment from different symmetry orbitals will yield different photoelectron
angular distributions. For example, detachment of an electron in an atomic s-orbital, such as
from H, will result in an outgoing p-wave, which will be oriented along the laser polarization
and have a cos’0 behavior (8= 2). On the other hand, detachment of an electron in an
atomic p-orbital, such as from O, will result in both s- and d-waves. These may interfere
and, depending on the photon energy, yield values for g typically between -1 and O.
Detachment from molecular orbitals is more complicated, but previous measurements have
shown that < 0 for detachment from m-type molecular orbitals and £ > 0 for detachment
from o-type molecular orbitals.'”'®

For the results described later in this dissertation, the anisotropy parameter gives
clues to the type and symmetry of the molecular orbital from which electrons are detached.
Additionally, it is also used to distinguish features arising from different electronic states in
the same spectrum. Most of the spectra presented have the laser polarization at the magic

angle (€ = 54.7°) to the photoelectron collection axis. The magic angle is the angle where

Py(cos@) = 0, and the photoelectron intensities are simply proportional to the total



13

photodetachment cross section and are free from angular effects. Values of the anisotropy
parameter are estimated by relative intensity measurements with the laser polarization parallel

(6= 0°) and perpendicular (8= 90°) to the photoelectron collection axis:

Iy —1y

fr————
WLy + 1o,

(1.13)

1.4 Dissertation Outline

This dissertation is split among several chapters. Chapter 2 describes the anion
photoelectron spectrometer in detail, including components of the optical system. It also
describes the general computational methods used for simulation and analysis of the spectra.
Chapters 3-8 each describe the experimental results obtained for a single parent molecule.

Chapter 3 describes the results obtained from the cyclopentadiene molecule (CsHg).
Cyclopentadiene is a 5-membered ring molecule consisting only of carbon and hydrogen.
Spectra of the corresponding anion, cyclopentadienide (CsHs ), have been previously
obtained;'® however, the spectra presented here have much higher resolution and allow for
determination of more of the vibrational properties of the analogous neutral, cyclopentadienyl
radical (CsHse), a well-known Jahn-Teller molecule.?” !

The photoelectron spectra obtained from the pyrrole system (C4HsN) are the subject
of Chapter 4. Similar to cyclopentadiene, pyrrole is a five-membered ring molecule; unlike
cyclopentadiene, pyrrole contains carbon, hydrogen, and nitrogen. By substituting a nitrogen
atom for a C—H group, cyclopentadiene and pyrrole are isoelectronic. This substitution
eliminates Jahn-Teller effects in the pyrrolyl radical system, though other non-adiabatic
effects influence the appearance of the spectra.

Substitution of a nitrogen atom for another C—H group results in other isoelectronic

systems (C3H4N,). If the substitution is such that the nitrogen atoms are separated in the
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S-membered ring, the result is the imidazole molecule, the subject of Chapter 5. If the two
nitrogen atoms are adjacent in the 5-membered ring, pyrazole is the result, and is the subject
of Chapter 6. Although isomers, the photoelectron spectra of the corresponding anions,
imidazolide and pyrazolide, appear very different. Non-adiabatic effects still influence both
spectra, but the effects are small in the imidazolyl radical system and much larger in the
pyrazolyl radical system. Additionally, photodetachment signals are observed for isomeric
anions of imidazolide and pyrazolide. These anions retain the ring structure, but are
deprotonated at a carbon-site instead of the nitrogen-site.

Chapter 7 discusses the results from another isoelectronic system, vinyldiazomethane
(CsHsN,). Vinyldiazomethane is a ring-opened isomer of imidazole and pyrazole. The
backbone of the molecule has the structure of pyrazole where a C—N bond is broken and the
ring is opened. The corresponding anion (the vinyldiazomethyl anion) is not produced from
deprotonation as the anions described in other chapters, but is actually synthesized in the flow
tube in a molecule/anion reaction between N,O and allyl anions (C3Hs™). Two conformers (E
and Z) of the vinyldiazomethyl anion are expected to be formed in the flow tube, but analysis
of the detachment signals indicates only one is formed in detectable amounts.

Chapter 8 focuses on the photoelectron spectra of the 2-oxepinoxide anion, whose
corresponding radical (2-oxepinoxyl) is a suspected reactive intermediate formed during the
combustion of benzene and has been the focus of several theoretical investigations. The
spectra presented here represent some of the first experimental results obtained on this radical
species and are performed with the ultimate goal of obtaining the heat of formation of the
2-oxepinoxyl radical.

Chapter 9 provides a summary of the experimental results presented in this
dissertation and includes a discussion of the trends observed in the photoelectron spectrum of

the 5-membered ring anions. These trends are used in an extrapolation to approximate the
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properties of 5-membered ring systems which contain more nitrogen atoms. Future work

which builds on the results presented here is also discussed.
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2 Methodology

2.1 Overview

The anion photoelectron spectrometer used to perform the experiments described in
this dissertation consists of four major parts: the ion source, the ion optics and mass selection
elements, the laser system, and the electron energy analyzer. A flowing afterglow ion source
is used to create a beam of negative ions. The ion beam is accelerated, shaped and focused,
and passed through a Wien velocity filter for mass selection. The mass selected ion beam is
then focused and decelerated for interaction with a photon beam. Photoelectrons are
produced at the interaction region and a portion of them are energy analyzed using a
hemispherical energy analyzer. The electrons are detected using a position sensitive detector
which digitizes the position of the electrons for analysis by a computer. This chapter focuses
on the components of the anion photoelectron spectrometer in detail, and is accompanied by a

discussion of the computational methods used to simulate and analyze the spectra.

2.2 lon Source

The experiments described later in this thesis were performed using a common ion
source, known as a microwave discharge flowing afterglow ion source. The microwave
discharge ion source is made of two components, a brass microwave cavity, and a quartz
discharge cylinder."” * Figure 2.1 illustrates the construction of the microwave discharge
source. Helium buffer gas, purified by passing through a liquid nitrogen cooled molecular
sieve trap, is passed through the quartz discharge cylinder at a rate of 6-8 standard liters per
minute (controlled by an adjustable Tylan flow controller), along with a trace amount of O,
(7-10 standard cm® per minute). The discharge is ignited by means of a Tesla coil, which

produces a plasma containing unbound electrons. The electrons absorb the 2.45 GHz
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Quartz I(\:/Ilcr_(t)wave
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He/O, \'
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Figure 2.1 Microwave Discharge lon Source. A brass microwave cavity encloses a
quartz discharge cylinder. The microwave discharge is connected to the flow
tube where ions react with neutral reagents introduced through movable ring
inlets.
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microwave radiation which maintains the plasma.> The microwave radiation is provided
from an Opthos MPG 4 Microwave Power Generator. Typical discharge ignition is achieved
by providing ~70 W of forward power to the brass cavity and energizing the Tesla coil on the
quartz cylinder. Once a stable discharge is produced, the forward power is reduced and the
majority of the radiation is absorbed by the plasma; correspondingly, the reflected power
should be near zero, protecting the magnetron in the microwave generator. The forward
power may be adjusted to achieve maximum ion signal. For production of atomic oxygen
anion (O7), for example, the smallest forward power necessary to maintain the discharge
produces the maximum ion signal.

Atomic oxygen anions are used as the main anion precursor and are produced in the

discharge by dissociative electron attachment to O,:

O,+e >0, >0 +0 (2.1)
Two movable ring inlets are located just downstream from the microwave discharge and used
to introduce precursor molecules into the flow tube for subsequent reaction. For example,
introduction of methane (CH,) into the flow tube results in production of hydroxide (HO"),
another major ion precursor, via a hydrogen transfer reaction with O™:

O +CH, > HO +CH, (2.2)

These inlets may be used to titrate a reaction by adjusting their relative position in the flow
tube for the appropriate reaction distance (reaction time).

Once created, the anions continue down the flow tube where they are thermalized to
room temperature by 10* — 10° collisions with the He buffer gas." > The source region is
pumped by a 330 1/s Stokes Roots Blower. A typical flow tube pressure is 0.4 Torr (~50 Pa)
at 7.3 standard liters per minute of He. Surrounding the flow tube is a jacket which may be

filled with liquid nitrogen to aid in further cooling of the ions to roughly 200 K.
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2.3 lon Optics and Mass Selection

The ions are gently extracted from the flow tube through a small aperture (~1 mm) in
a nosecone at 0-3 volts, where they encounter the first of a series of adjustable ion optics and
deflectors (called the afterglow lenses); here the ions are focused and accelerated to 736 eV
kinetic energy. A 2000 1/s 6-inch diffusion pump maintains the vacuum chamber pressure in
the afterglow lens region at about 10™ Torr (~107 Pa). Figure 2.2 illustrates construction of
the flow tube and afterglow lenses. The nosecone, first three lens elements (L1-L3) and first
deflector (D1H and D1V) are mounted in the vacuum chamber as a single assembly. The
potentials on L1, L2, and L3 can be adjusted separately and deflector D1 is referenced to the
L3 potential and has independent horizontal and vertical deflections. The next series of
lenses and second deflectors are also mounted as a single assembly with an aperture plate on
the front. The first assembly fits over the second assembly to ensure the ion trajectories are
not affected by the ground potential of the vacuum chamber walls. Lens element L4 is also
adjustable and deflector D2 is referenced to the L4 potential and has independent horizontal
and vertical deflections. Lens elements L5 and L6 are given constant potentials of 400 and
736 volts, respectively. Table 2.1 lists typical potentials for all adjustable elements.

Beyond lens element L6 is another pair of deflectors (D3) which are used to steer the
anions, now traveling at 736 eV kinetic energy, through a 10° bend in the ion flight path.
These deflectors allow the anions to be steered thought the 10° bend, while neutrals and
photons collide with the vacuum chamber walls. Following the 10° bend is a 3-element
quadrupole einzel lens (Q1) which is used to focus and deflect the ion beam* through an
aperture plate, A2. The ion current is measurable on this aperture by means of a Keithley
600A electrometer. Typical total ion beam currents are 10-30 nA. This region is pumped by
a 3000 1/s 8-inch diffusion pump to a pressure of 10 Torr (~10 Pa). Figure 2.3 depicts this

region of the instrument. A pair of deflectors (DL4) follow, and another 3-element
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Figure 2.2 Flow tube and afterglow ion optics. The nosecone is labeled N, acceleration
lenses are labeled L1-L6, deflectors are labeled D1 and D2, and the aperture
is labeled A1.
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Gate Valve

Figure 2.3 10 degree deflectors (D3), first 3-element quadrupole einzel lens (Q1),
second aperture (A2) and fourth deflectors (D4).
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Element Typical Potential Element Typical Potential
Nosecone 1V Q4 Inner Right 25V
L1 25V Q4 Inner Left 40V
L2 160 V Q4 Inner Top 33V
L3 175V Q4 Inner Bottom 37V
D1 Horizontal ov Q4 Outer Vertical 38V
D1 Vertical oV Q4 Outer Horizontal -39V
L4 181.7V D5 Horizontal 47V
D2 Horizontal ov D5 Vertical 24V
D2 Vertical ov DL1 736 V
L5 400 V DL2 134V
L6 736 V DL3 360 V
D3 Vertical ov DL4 35V
D3 Horizontal 75V Interaction Region 35V
QI Inner Top 19V Computer eKE 2.06
QI Inner Bottom 20V Computer V3 0.1
Q1 Inner Right 20V Manual Te 397V
Q1 Inner Left 20V V1 1729V
Q1 Outer Horizontal 26V V2 16.04 V
Q1 Outer Vertical 27V V3 0.572V
D4 H 13V V4 1528 V
D4V 8V VHC 1.958 V
Q2 Inner Top 17V VIN 338V
Q2 Inner Bottom 15V VOUT 1.352V
Q2 Inner Right -18V Contact Potential -0.428 V
Q2 Inner Left -17V V5 28.62V
Q2 Outer Horizontal 21V Vo6 2454V
Q2 Outer Vertical 22V 1 MCP 250.7V
E-Field Voltage 60 V Last MCP 3573V
B-Field Voltage 3.2V for O”
Q3 Inner Top 18V
Q3 Inner Bottom 7V
Q3 Inner Right -14V
Q3 Inner Left -14V
Q3 Outer Horizontal 14V
Q3 Outer Vertical -16 V

Table 2.1

Typical potentials for the photoelectron spectrometer.
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quadrupole lens (Q2) sits behind a gate valve. These ion optics are used to focus and deflect
the ion beam into the mass selection region.

The mass selection region used in the photoelectron spectrometer is a velocity filter
consisting of perpendicular electric and magnetic fields, a Wien filter. The Wien filter sits in
a common assembly with the second and third 3-element quadrupole lenses (Q2 and Q3) as
illustrated in Figure 2.4. This region is pumped to a pressure of 107 Torr (~10” Pa) by a 250
1/s Varian Turbomolecular Pump.

The velocity filter operates according to the following principles. The force on an

ion from an electric field is the product of the charge of the ion, ¢, and the electric field,

E:F= qE . The force on an ion from a magnetic field depends not only upon the charge of

the ion and direction and magnitude of the field, B, but on the direction and magnitude of the
ion’s velocity, V : F = qv X B. By setting these two forces equal and opposite, it is possible
for an ion to pass through the Wien filter undeflected. All ions have the net charge of a single
electron, and thus all feel the same force from the electric field. Since all ions have the same
kinetic energy (2 mv’ = 736 eV), there will be a velocity distribution of the ions, with the
lighter ions traveling faster and the heavier atoms traveling slower, resulting in different
forces for different mass ions. lIons which are too heavy or too light are deflected and
neutralized by the walls of the Wien filter. To select which mass ion is passed through the
Wien filter undeflected, the magnetic field is adjusted while the electric field is kept constant.
The magnetic field is created via a water cooled electromagnet powered by a 0-10A / 0-60V
Kepco regulated DC voltage supply. The electric field sector is constructed as illustrated in
Figure 2.5; voltages are provided by a voltage divider circuit powered by a 0-40mA / 0-500V
power supply. The Wien filter has a mass resolution of m/Am = 40, which is sufficient for
separation of O, HO", and the deprotonated species described later with masses of 60-90

amu.
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Q2 Wien Filter Q3 10~7 Torr

DJ

250 liter/second
Turbo Pump

Figure 2.4 Wien filter region of the photoelectron spectrometer. lons are focused into
the Wien filter with 3-element quadrupole Q2 and mass selected inside the
Wien filter. The mass selected ions are refocused with 3-element quadrupole
Q3 and pass through a short field-free region.



Figure 2.5

27

Construction of the Wien filter electric field plates. Five pairs of parallel
stainless steel shims on each side (+ and —) and two electrodes (dark grey)
have voltages distributed to give a vertical electric field equivalent to infinite
parallel plates. Teflon shims (light grey) are placed between the stainless
steel shims to insulate them from each other. The ion trajectory is into the
plane of the page, and the magnetic field lines run from left to right.



28

There are several more ion optics following the mass selection region: a 3-element
quadrupole (Q3), a short field free region, an aperture (A3), another 3-element quadrupole
(Q4), a pair of deflectors (D5), and a series of deceleration lenses (DL1-DL4). The
deceleration lenses slow the ions to 35V as well as focus them for interaction with a laser
beam. lons are collected in a Faraday cup and their current is measured using a Keithley 602
Electrometer. Ion currents of 1-2000 pA are achievable. Figure 2.6 illustrates the
components in the final chamber of the photoelectron spectrometer which is pumped to 107

Torr (~10° Pa) by a 280 I/s Varian turbomolecular pump.

2.4 Ultraviolet Laser System

The 35 eV ion beam is intersected perpendicularly in the interaction region with a
363.8 or 351.1 nm photon beam from a continuous wave Spectra Physics 2045 Argon-lon
Laser. Before reaching the interaction region, the laser photons encounter several optical
components which alter the laser light in order for the vacuum cavity to double as a power
build-up cavity.” © A diagram of the laser system is given in Figure 2.7. The laser cavity
itself consists of a highly reflective back mirror, an etalon, a plasma tube, and an output
coupler. Operation at 363.8 or 351.1 nm is selected with the appropriate output coupler. An
etalon is placed in the laser cavity to allow for operation on a single cavity mode within the
363.8 or 351.1 nm Doppler profile. The argon ion laser output power is typically ~1 W for
single mode operation at 363.8 or 351.1 nm.

Several mirrors direct the laser light through a telescope where the light is focused
into the interaction region. An acousto-optic modulator (AOM), piezoelectric translators
(piezo) on the back mirror of the laser and front cavity window, and two photodiodes are used
in a servo system which maintains the power build-up in the vacuum chamber. Power

increases approximately 100 fold in the build-up cavity. A half wave plate is placed



29

Position
Sensitive

Faraday Cup ]?tector

10-8 Torr

DL1 DL2 DL3 DL4

Hemispherical
Energy
Analyzer OUT
280 liter/second
Turbo Pump

|

Figure 2.6 Vacuum chamber containing the final elements of the ion beam path and the
electron energy analysis and detection components.



30

Ion Beam
Mirror Piezo

AOM \
Photodiode Telescope !
ARA

A_
S e

. N Cavit
. Mirror Plasma Output ‘ .
Piezo Efalon  ype C01\1p1er Mirror

I ——

Photodiode

O

Figure 2.7 Components of the laser system. The system is made up of an argon-ion
laser and the vacuum chamber serves as an external build-up cavity. The
back mirror of the laser and the front cavity window are mounted on
piezoelectric translators. The acousto-optic modulator (AOM), piezos, and
photodiodes are part of a servo system which maintain efficient build-up
within the vacuum chamber.



31

immediately before injection into the power build-up cavity to allow for rotation of the laser
polarization within the cavity.

The build-up cavity operates similar to the laser cavity but has no gain medium. For
intensity to buildup constructively within the cavity, the cavity length must be a half-integer
multiple of the laser wavelength. The build-up cavity length, however, is sensitive to external
factors such as thermal fluctuations, mechanical vibrations from the pumps, or acoustic noise
due to the pumps or other room noise. To maintain the build-up, these fluctuations are
responded to by the servo system. A direct response can be achieved by adjusting the piezos
on the front cavity window which directly changes the cavity length. The piezo on the back
mirror of the laser can also be used to restore the system to resonance. The piezo is used to
adjust the length of the laser cavity, thereby changing the laser wavelength.

Similarly, the AOM is used to slightly change the laser wavelength/frequency.
Within the AOM is a quartz crystal which is connected to an acoustic transducer. An
acoustic frequency of 55-85 MHz is applied to the quartz crystal, producing a standing wave
in the crystal, which acts as a Bragg diffraction grating.” The incoming laser beam is
diffracted and the frequency of the diffracted laser light is offset by the frequency of the
standing wave in the crystal. Additionally, a 1 MHz dither is added on top of the 55-85 MHz
offset. The 55-85 MHz offset allows for small frequency adjustments and optically isolates
the laser and build-up cavities from one another, preventing any light which reflects off the
build-up cavity from returning to the laser cavity and causing interference. The 1 MHz dither
serves to provide an error signal for the servo electronics, which adjust the build-up cavity
piezo, laser cavity piezo, or AOM frequency offset to maintain the resonance condition of the
build-up cavity. Each of the piezos and the AOM are used to respond to different frequencies
of noise in the system. The slowest frequencies (0 — 100 Hz) are responded to by the piezos

on the build-up cavity. The piezo on the back mirror of the laser is used to react to higher
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frequency noise (100 Hz — 10 kHz). The highest frequency noise (10 kHz — 1 MHz) is dealt
with by the AOM.

Depending on the state in which the system is last left, build-up may not happen on
its own by simply turning on the electronics. The electronics should be left with the active
stabilization turned off. Assuming the optics are aligned close enough to allow for the light
to resonate within the vacuum cavity, the alignment is optimized by adjusting the telescope,
the AOM tilt angle, the two mirrors immediately in front of the cavity, and the front cavity
window. Next, the servo electronics are switched to active stabilization on. At this point the
phase delay between the AOM and piezos can be adjusted. While monitoring the signal on
the photodiode located at the back side of the vacuum chamber, the phase delay should be set
to the point where the cavity is close to or even starting to have build-up occur. This is when
there are the most resonances occurring. At this point, the gain for the laser piezo can be
adjusted which should allow build-up to begin. The build-up can be optimized by small
adjustments to the phase delay, the laser piezo gain as well as the gain on the AOM servo.
Occasionally, it may be necessary to adjust the bias positions of the laser and buildup cavity

piezos.

2.5 Photoelectron Energy Analysis and Detection

At the position where the ion and laser beams intersect (the interaction region)
photoelectrons are ejected in all directions. A portion of the electrons are ejected in a
downward direction and pass through a 5° half angle opening in the interaction region where
they enter the energy analysis region of the instrument.® The components of the energy
analyzer are pictured in Figure 2.8, which depicts a cutaway showing the path the

photoelectrons take through the analyzer.



33

The hemispherical energy analyzer operates at a constant transmission energy,
presently ~4.0 eV. Since electrons may be photodetached with kinetic energies ranging from
0 eV to the photon energy (~3.5 eV), the electrons must be accelerated before they enter the
hemispherical analyzer if they are to be transmitted and detected. A series of lenses is used to
accelerate and focus the incoming electrons to the proper energy and position. The electrons
are first accelerated to 5-10 times their initial energy with lens elements 1 and 2. Lens
elements 2, 3, and the input stack Herzog Corrector are also constructed to form a zoom lens
which focus the electrons to the entrance of the hemispheres while giving them the
appropriate transmission energy. Passing through the hemispherical analyzer, the electrons
are spread in space, with slower electrons near the center hemisphere and faster electrons near
the outer hemisphere. Electrons which are too slow or too fast collide with the hemispheres
and are neutralized. Only electrons within ~2% of the transmission energy are passed
through the entire analyzer. These electrons are accelerated and imaged onto a position
sensitive detector using lens elements 4, 5, and 6. The position sensitive detector consists of
a stack of 5 microchannel plates coupled to a resistive anode detector (Quantar Technology
3318A). The minimum detectable electron energy is approximately 0.1 eV, though the
transmission of electrons slower than about 0.3 eV is significantly lower than unity due to
poor transmission through the energy analyzer. Normally, electron energies smaller than 0.3

eV are not measured.

2.6 Data Collection

The position sensitive detector is wired to a position computer (Quantar 2401B)
which analyzes the outputs of the resistive anode detector to determine the spatial position of
a single detached electron. The position computer is attached to an oscilloscope (for real time

viewing of the electron positions on the detector) as well as a PC for data collection. Since
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Figure 2.8 Cutaway of the electron kinetic energy analyzer system. The deceleration

lenses and analyzer lenses (V-Vs, Vi) are made from molybdenum, and the
concentric hemispheres of the analyzer are made from oxygen-free high
conductivity copper.
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only a very small energy region (2% of the 4 eV transmission energy) is detected at a time, a
LabVIEW program is used to accumulate a complete photoelectron spectrum (from 0.3 to
~3.5 eV). This program handles the process of adjusting the electron analyzer voltages to
collect photoelectrons of different energies by sending out digital signals to a digital to analog
encoder chip located within a voltage programmer (JILA LC036). A photoelectron spectrum
is collected in LabVIEW by specifying a starting kinetic energy, total number of spectral
segments, and the spacing between spectral segments.

For proper determination of the electron kinetic energy, the photoelectron spectrum
of a reference ion is obtained to fix the absolute energy scale. Since it is atomic and the
neutral’s electron affinity’ is precisely known (1.46111 eV), O is typically used for this
purpose. Additionally it is usually the major precursor ion and is formed in the flow tube
before and while most experiments are performed. A second calibration is performed
periodically to determine any nonlinearity in the energy scale. This is done by measuring the
energies of all the peaks in the tungsten anion (W™) photoelectron spectrum and comparing
with the absolute positions tabulated by Charlotte Moore.'” A small (< 0.5%) energy
compression is typically observed. One final correction to the photoelectron energies must be
applied since the anions are traveling at 35 eV of kinetic energy when the electrons are
detached. This correction converts the electron kinetic energies from the laboratory frame to

the center of mass frame of the anions. The final electron kinetic energy can be determined
by:

eKE =hv — [EAref +y (eKEref —eKE,, ) +Wm, (#, - ﬁ)} (2.3)
where hv is the photon energy, EA, is the electron affinity of the reference ion, y is the

energy compression factor, (eKE,.s — eKE,,;) is the lab frame difference in the kinetic energies

of the reference ion and the molecule of interest, W is the kinetic energy of the ion beam, m,
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is the electron mass, M, is the mass of the reference ion, and M is the mass of the molecule

of interest.

2.7 Spectral Simulation and Assignment

In order to assign and interpret the photoelectron spectra, electronic structure
calculations are performed using the Gaussian suite of software.'" Optimized molecular
geometries and harmonic vibrational frequencies are obtained for each anion/neutral pair.
The B3LYP'* " method of Density Functional Theory'* (DFT) is typically used with a
modest basis set [6-31+G(d) or 6-311++G(d,p)]. Using these geometry and frequency
results, Franck-Condon factors are obtained for the transitions between the anion and the
neutral using the FCFGAUS and PESCAL programs.'>"” The DFT calculations also allow
for computation of the EA by taking the DFT energy difference between anion and neutral
(including zero point energies).

The FCFGAUS program extracts the geometries, normal mode vectors, and
vibrational frequencies for the anion and neutral from the Gaussian output and outputs
Duschinsky rotation matrices, normal mode displacement vectors, molecular geometries, and
normal mode frequencies in a form used by PESCAL. The PESCAL program computes
Franck-Condon factors, treating molecular vibrations as independent harmonic oscillators and
transforming the anion normal modes into linear combinations of the neutral normal

15, 18-21
modes.'> 1

The raw Franck-Condon factors are convoluted with an experimental linewidth
(Gaussian or Lorentzian lineshape with full width at half maximum of 8-15 meV), resulting
in simulated spectrum based solely on the electronic structure calculations.

Generally, for systems free from non-adiabatic effects, the Franck-Condon simulation
matches the experimental spectra quite well. This allows for precise determination of the

band origin and electron affinity, and assignment of vibrational bands to the appropriate

normal vibrations. These vibrational assignments typically confirm that the normal modes
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whose vibrational motions occur along the geometry displacements from anion to neutral are
the modes active in the photoelectron spectra.

When non-adiabatic effects are present, there will be large discrepancies between the
experimental spectrum and the Franck-Condon simulation. In general, the Frank-Condon
simulation will overestimate the intensities of vibrational bands in systems where non-
adiabatic effects are important. Also, there may be extra vibrational bands in the
experimental spectrum which are missing from the Franck-Condon simulation. This is often
due to non-totally-symmetric modes appearing in the experimental spectrum which have
calculated Franck-Condon factors of zero (due to symmetry). These two effects tend to offset
one another in an intensity borrowing manner, where the intensity of some bands are lowered
while other not normally allowed bands gain intensity. If reliable assignments can be made,
photoelectron spectra showing non-adiabatic effects can yield information which is not
normally anticipated, such as the frequencies of non-totally symmetric vibrations which

appear in the spectrum.

2.8 Thermodynamics

For many of the systems discussed in this dissertation, thermodynamic parameters
can be evaluated using thermochemical cycles. Figure 2.9 illustrates three gas-phase
thermochemical cycles. Using the negative ion cycle, the electron affinity (EA) of the system
of interest is combined with the enthalpy of deprotonation (A,.aH) of the parent system and
the ionization energy (/E) of the hydrogen atom (13.5984 eV) to determine a bond
dissociation enthalpy for breaking an R—H bond (Dy):

Do(R—H) = AuidHo(RH) — IE(H) + EA(R) (2.3)

Often, values for the 298 K gas phase acidity (A.iaGaos) or deprotonation enthalpy

(AaciaH20s) are available in the literature.”> Conversion of the 298 K deprotonation enthalpy to
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0 K is achieved by considering the contributions from integrated heat capacities, which can

be derived from the Gaussian output files, but are explicitly written as:

298

A Hy(RH)=A  H,(RH) - J dT[C,(R")+C,(H")-C,(RH)] (2.4)

acid

Error bars for the thermal corrections derived from the Gaussian output files are assumed to
be small, on the order of 0.1 kcal mol™.

Using these bond dissociation energies, an absolute heat of formation can be obtained
for the R system if the heat of formation of the parent system is available in the literature:
Adr(R) = A(RH) + Dr(RH) — AHr(H) (2.5)

where T represents the temperature in K.



39

R+H+e
A A A R + 4 H + e
P A (R) E A(R) A A
-3 IE(R)
i R-+ H*
RH* + e~ IE(H)|
AE(R*,RH)
IE(RH) AacidI_IO(IKI_I) R :i:
D,(RH

Proton Negative RH Appearance

Affinity Ion Energy
Cycle Cycle Cycle

Figure 2.9 Gas-phase thermochemical cycles. The negative ion cycle combines electron

affinity measurements with gas phase acidity measurements to determine
R—H bond dissociation energies.
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3 Cyclopentadienide, CsHs™

3.1 Introduction

The cyclopentadienyl radical, CsHse, has a long history. Well known as a Jahn-Teller
system, cyclopentadienyl radical has been the subject of numerous theoretical

1

investigations."!"  First experimentally investigated in 1956, it is now recognized as an

intermediate in hydrocarbon combustion and may possibly be involved in soot formation.'*™'
There have since been many experimental investigations of the cyclopentadienyl radical,
including absorption,” electron impact ionization,” electron paramagnetic resonance,”*
fluorescence,”" kinetics,” and anion photodetachment.”> Many of these experimental and
theoretical investigations have sought to extract information about the molecular structure,
Jahn-Teller coupling constants, and Jahn-Teller stabilization energy, and only a few of the
theoretical studies have tried to predict or interpret the experimental spectra. For this thesis,
the anion photodetachment experiments were repeated with a higher energy photon (3.53 eV
versus 2.54 eV) and much better photoelectron energy resolution, in order to obtain a more
precise EA for CsHse and to determine vibrational frequencies of CsHse.
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Cyclopentadiene Cyclopentadienide  Cyclopentadienyl Radical
The cyclopentadienyl radical readily binds an electron in the gas phase to form
cyclopentadienide (CsHs ). Being a closed shell molecule in the Ds;, point group, the ground
state of CsHs™ is 'A,". The highest occupied molecular orbital of CsHs™ is doubly degenerate

and has e," symmetry. Logically, it follows that the ground state of CsHse should be *E," and
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be doubly degenerate. The Jahn-Teller theorem states there is at least one non-totally
symmetric vibration along which the orbital energy degeneracy can be lifted.”> The
symmetric direct product of the electronic state symmetry gives the symmetry of the linear
Jahn-Teller active vibrational modes which eliminate the degeneracy:

E"xE/"=A/'+E, 3.1
Here, A" represents the electronic coupling symmetry and E,' represents the Jahn-Teller
mixing; the symmetry of the linearly active Jahn-Teller vibrational modes is accordingly e,'.
There are 4 doubly degenerate e,' vibrational modes in CsHse.

The photoelectron spectrum of CsHs~ will thus represent a transition between the 'A ;'
ground state of CsHs™ and the Jahn-Teller ’E," ground state of CsHse. Since there are only
two vibrational modes of a,' symmetry (i.e., totally symmetric modes) in CsHs, it is expected
that the photoelectron spectrum will be composed of the band origin and vibrational bands
corresponding to the Jahn-Teller active modes and the two totally symmetric vibrational

modes.

3.2 Experiment

The cyclopentadiene dimer (CioH;,, Aldrich 98%) was cracked to produce
cyclopentadiene (CsHg) according to the literature procedure.** Once produced, CsHy was
stored under liquid nitrogen to prevent redimerization unless the sample was being used. Due
to its high vapor pressure and to maintain a steady flow rate into flow tube, CsHg was kept at
0 °C when in use by submersing the sample in an ice water bath. Hydroxide ions (HO"),
created using the microwave discharge ion source as described in Chapter 2, were used to
deprotonate the CsHg introduced downstream to create CsHs . Typical ion beam currents of
CsHs™ were ~300 pA. In some experiments, liquid nitrogen was used to cool the flow tube

and produce vibrationally cooler ions; in these experiments, slightly smaller ion beams were
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produced (~200 pA). The laser wavelength used for photodetachment of CsHs™ was 351.1 nm

and the measurement of the oxygen EA was used in calibration of the absolute energy scale.

3.3 Results

Figure 3.1 (bottom panel) shows the 351.1 nm magic angle (6= 54.7°) photoelectron
spectrum of CsHs™ taken under liquid nitrogen cooled flow tube conditions (~200 K). The
room temperature spectrum shows broadening of the vibrational bands due to contributions
from hot band transitions. The spectra are dominated by an intense band origin appearing at
1.812 = 0.005 eV (labeled A), four moderately intense peaks (labeled E, F, H and 1), and
many small features all appearing to higher binding energy of peak A. Figure 3.1 (top panel)
also shows the previously obtained photoelectron spectrum® of CsHs~, where the small
features are obscured by the strong band origin and poorer energy resolution.

Figure 3.2 shows the 351.1 nm photoelectron spectra of CsHs taken at laser
polarizations parallel (€ = 0°, vertical polarization) and perpendicular (8 = 90°, horizontal
polarization) to the experimental photoelectron collection axis. These spectra were also
obtained under liquid nitrogen cooled flow tube conditions. Values for the anisotropy
parameter (f) for features in the spectrum were determined, with most features having
£ =—0.9 except several small features between peaks A and E where £ lies between —0.3 and
—0.7. Figure 3.3 shows an expanded view of the &= 0° spectrum and reveals several small
features which appear with only minimal relative intensity in the € = 90° and 6 = 54.7°
spectra. Table 3.1 summarizes the peak positions relative to the origin.

In order to better assign the vibrational features of the photoelectron spectra, CsHs™
and CsHs* geometry optimizations and frequency calculations were performed at the

B3LYP/6-311++G(d,p) level of density functional theory (DFT) using the methods described
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Figure 3.1 Top panel: 488.0 nm photoelectron spectrum of CsHs™ from reference 32.
Bottom panel: 351.1 nm magic angle photoelectron spectrum of CsHs™ taken
at 200 K.
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Figure 3.2 351.1 nm photoelectron spectra of CsHs taken at 200 K. The red curve was
obtained with the laser at vertical polarization (6 = 0°), and the blue curve
was obtained with the laser at horizontal polarization (€= 90°).
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Expanded view of the 351.1 nm photoelectron spectrum of CsHs™ taken at
200 K with the laser at vertical polarization (6= 0°).



Peak Label Peak Position (cm™) S
A 0 ~0.95+0.05
B 500+ 15 cm™ ~0.35+0.08
C 650 + 30 cm’ ~0.37+0.08
D 790 + 10 cm™ —0.68 +0.15
E 890 + 15 cm’™! —-0.88 +0.05
F 1080 + 10 cm™ —0.94 +0.05
G 1325+ 35 cm’ —0.89 + 0.05
H 1520 + 15 cm™ -0.91 £0.05
I 1720 + 15 cm™ -0.92+0.05

Table 3.1

Relative experimental peak positions and anisotropy parameters for peaks

appearing in Figures 3.1 - 3.3.
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in Chapter 2. Table 3.2 lists the CsHs vibrational frequencies obtained from this calculation
and Table 3.3 lists the CsHs molecular geometry.

DFT geometry optimization of CsHse fails to converge when constrained to Dy,
symmetry, presumably because of the Jahn-Teller effect. The symmetry of the neutral system
is lowered from Ds;, to C,, by displacement along the e,' Jahn-Teller active normal modes.
Lowering of the symmetry results in the degenerate “E," state transforming into 2A, and *B,
states in the (5, point group. It has been shown that for CsHse there is no quadratic Jahn-
Teller mixing.® This lack of quadratic mixing causes the resulting lower symmetry states to
energetically relax by the same amount from the symmetric Ds;, point, resulting in degenerate,
but displaced, A, and *B; states.

Geometry optimizations and frequency calculations on these C,, states were
performed at the B3LYP/6-311++G(d,p) level and are summarized in Tables 3.3 and 3.4.
Stationary points were located for both A, and B, electronic symmetries. These states were
not found to be exactly degenerate at this level of theory; the *A, state was found to be lower
by ~0.00095 eV.

In order to make qualitative assignments of the photoelectron spectra, Franck-
Condon simulations were carried out, as outlined in Chapter 2, using the results from the Ds,
anion and C5, neutrals. The results are presented in Figure 3.4. The origin positions and
intensities of the Franck-Condon simulations were adjusted to match the experimental EA
and origin intensity. Additionally, the C,, stationary points each had a single vibrational
mode of b, symmetry with a low frequency (~65 cm™) which was omitted from the
simulation. These modes should correspond to the low barrier and nearly flat pseudorotation
coordinate which transforms CsHse between 2A, and B,;.

From the simulations in Figure 3.4, it is clear that the intensities of most vibrational

bands are overestimated, while the intensities of a few others are underestimated. However,



Mode Nuclear Motions Frequency (cm™) Symmetry
Vi C—H stretch 3174 ay'
\Z) C—<C stretch 1143 ay'
V3 In plane C—H bend 1271 a,'
V4 Out of plane C—H bend 636 a"
Vs In plane C—H stretch 3152 er'
Vo In plane ring distortion 1455 e
\%, In plane C—H bend 1013 e
Vg Out of plane C—H bend 602 e"
Vo In plane C—H stretch 3128 e’
Vio In plane ring distortion 1370 e
Vi1 In plane C—H bend 1058 e’
Vi2 In plane ring bend 846 e’
Vi3 Out of plane C—H bend 744 e
Vi Out of plane ring bend 613 e

Table 3.2 CsHs™ fundamental vibrational frequencies obtained from

B3LYP/6-311++G(d,p) calculations.
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R

Point Group Ds, Cyy Cyy
Electronic State A A, B,
C—C Bonds (A) 1-2 1.4153 1.3981 1.4364

2-3 1.4153 1.4692 1.3692

3-4 1.4153 1.3585 1.4821

C—H Bonds (A) 1-6 1.0855 1.0796 1.0828
2-7 1.0855 1.0824 1.0798

3-8 1.0855 1.0805 1.0815

ZCCC (°) 1-2-3 108.00 108.77 107.28
2-3-4 108.00 107.66 108.23

5-1-2 108.00 107.15 108.99

ZHCC (°) 6-1-2 126.00 126.43 125.50
7-2-3 126.00 125.01 127.08

8-3-4 126.00 127.27 124.85

Table 3.3 CsHs™ and CsHse geometries obtained from B3LYP/6-311++G(d,p)
calculations.



*A, Frequency °B, Frequency

Mode Nuclear Motions Symmetry (cm™) (cm™)
2 C—H stretch a; 3240 3239
% C—H stretch a 3232 3216
V3 C—H stretch a 3201 3200
V4 C—C stretch + C—H bend a, 1565 1485
Vs C—C stretch + C—H bend a; 1443 1385
Ve Ring breathing a; 1142 1142
V7 C—C stretch a 1081 1058
Vg C—C stretch a 1033 944
Vo In plane C-C-C bend a; 847 846
Vio Out of plane C—H bend a, 908 901
Vi Out of plane C—H bend a, 819 721
Vi2 Out of plane C—H bend a 524 514
Vi3 Out of plane C—H bend b, 886 894
Via Out of plane C—H bend b; 723 819
Vis Out of plane C—H bend b; 678 679
Vig Out of plane C—H bend b, 489 499
Vi7 C—H stretch b, 3216 3232
Vig C—H stretch b, 3202 3204
Vig In plane C—H bend b, 1395 1528
Vago In plane C—H bend b, 1294 1295
Vi In plane C—H bend b, 1215 1217
Voo In plane C—H bend b, 968 1071
Vo3 In plane C—H bend b, 920 928
Vo4 In plane ring distortion b, 69 60
Table 3.4 CsHse fundamental vibrational frequencies obtained from

B3LYP/6-311++G(d,p) calculations.
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Figure 3.4 351.1 nm magic angle photoelectron spectrum of CsHs™ taken at 200 K
(black) and Franck-Condon simulations of detachment of 'A,' CsHs to %A,
(blue) and “B; (red) CsHse.
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this is not totally unexpected, since the Franck-Condon simulation was performed assuming
the *A, and °B; states are stationary points, that the vibrational modes are harmonic
oscillators, and that the system is free from non-adiabatic effects. These assumptions do not
necessarily describe the CsHse system well.

Despite these inconsistencies, several conclusions can be drawn from the simulations.
It is clear which peak corresponds to the band origin and that the strong features in the
experimental spectrum most likely correspond to totally symmetric (a;) vibrations within the
(5, point group. In Ds;,, these modes have a,', e/, or ;' symmetry. Additionally, it can be
concluded that the actual geometry displacements in the detachment must be smaller than the
DFT calculations predict. This would result in more of the intensity appearing in the origin
peak, as experimentally observed. Careful examination of the simulated Franck-Condon
factors and the DFT vibrational frequencies of CsHse, coupled with a comparison between the
DFT computed vibrational motions of CsHs™ and CsHse, reveal that the vibrational modes
appearing in the photoelectron spectrum are primarily due the Jahn-Teller active modes (e;").
Although they are allowed, the two totally symmetric (a,') modes do not appear in the

Franck-Condon simulations with significant intensity.

3.4 Discussion

The peak labeled A in Figures 3.1-3.3 is identified as the CsHse X ’E\" — CsHs

X 'A," band origin. The binding energy of this peak corresponds to the electron affinity of
CsHse, 1.812 £ 0.005 eV. Considering the discrepancies between the experimental spectra
and the Franck-Condon simulations, unambiguous assignment of the vibrational features
observed here requires further analysis.

Previously,32 the EA of CsHs* was assigned as 1.786 + 0.020 eV and an 800 + 40
cm’' vibration was observed and assigned to the totally symmetric mode (a;') of Ds, CsHse.

This assignment was based on the 983 cm™ totally symmetric mode observed in K*(CsHs").
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Considering the smallest CsHs  a,' DFT vibrational frequency is 1143 c¢cm™ and the
corresponding a; frequency in both ’A, and “B; CsHse is 1142 cm'l, this peak must be
reassigned. This feature must correspond to the vibration of 890 = 15 cm™ observed here,
which is attributed to a Jahn-Teller active mode. A vibrational frequency of 1170 + 40 cm™
was also observed previously. This most likely corresponds to the vibration of 1080 &+ 10
cm” observed here. Finally, a vibrational frequency of 1690 + 40 cm™ was previously
observed in the photoelectron spectrum of CsHs™, which must correspond to the 1520 = 15
and 1720 = 15 cm™ vibrations observed here.

Additional simulations which include non-adiabatic effects are currently underway;>
without these simulations, definitive assignment of the majority of the smaller features
observed in the photoelectron spectra presented here is difficult. However, based on the
Franck-Condon simulation results the following tentative assignments are made: the peak
labeled E in Figures 3.1-3.3 corresponds to one quantum of vy in A, or B, CsHse. the peak
labeled F corresponds to one quantum of vg in 2A, or one quantum of v; in “B,; the peak
labeled H corresponds to one quantum of vs in 2A, or one quantum of vy in *B;.

Alternatively, the frequencies observed here can be compared with those observed in
other experiments to allow for more reliable assignments. In their recent laser induced
fluorescence measurements,” *° Miller et al. observed many of the fundamental vibrational
frequencies of CsHse. In particular, they observed a single a,' mode of 1071 cm™ and three of
the four e,' modes of 1320, 1041, and 872 cm’™, They also observed a,', and e;' modes of
1244 and 1001 cm™, respectively. Overtones of the a,", e,", and two e," modes were also
observed and their frequencies were halved to obtain fundamental frequencies of 681, 766,
861, and 576 cm™, respectively. These frequencies all compare reasonably well with those

obtained for CsHs™ from the DFT calculations (Table 3.2).
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Although the photoelectron spectrum is expected to be composed of the origin band
and vibrational features corresponding to only totally symmetric (a,') and Jahn-Teller active
(e2") modes, it is possible for other vibrational modes to appear in the photoelectron spectrum
since overtones of non-totally symmetric modes are explicitly allowed. Fundamentals are
also vibronically allowed and can often be seen if off-diagonal coupling is strong.
Considering that Miller et al. observed fundamentals of forbidden modes, it is likely that off-
diagonal coupling in CsHse is strong enough to induce appearance of these modes in the
photoelectron spectrum. Considering this and the above observations, assignments of the
bands labeled in Figures 3.1-3.3 are made in Table 3.5. Peaks H and I are not assigned here
but are most likely overtones of peaks E and F with strong anharmonicity.

The EA determined for CsHse can be used to obtain the C—H bond dissociation
energy (Do) of CsHg using the methods outlined in Chapter 2. Literature values®® for the
298 K deprotonation enthalpy and heat of formation of CsH¢ are 353.9 + 2.2 and
33.2 keal mol”'. Using thermodynamic information from Gaussian output files and Equation
2.3, Do(CsHs—H) = 80.6 £ 2.3 kcal mol™. Assuming an error bar of + 1.0 kcal mol” for the
CsHg heat of formation, the heat of formation of CsHse can be determined from Equations 2.4

and 2.5, AiH,o5(CsHse) = 64.6 + 2.7 kcal mol™.

3.5 Conclusion

The CsHs™ photoelectron spectra presented here suggest only the slightest change in
the molecular structure upon photodetachment, resulting in a spectrum dominated by an
intense origin peak. Considering that the Jahn-Teller modes will be significantly anharmonic
and possibly have extensive mixing, it is difficult to make assignments of the vibrational
features without performing additional simulations which include non-adiabatic effects.

These simulations are currently underway.35 Regardless of these difficulties, the EA of CsHse
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is unequivocally assigned as 1.812 £ 0.005 eV and many of the vibrational features observed

in the photoelectron spectrum have been assigned to modes of °E," CsHse.



58

Label in

Mode Nuclear Motions Figures Observed F_rlequency Symmetry
3.1-3.3 (em™)
Vi C—H stretch — * a,'
Vs C—C stretch — * a,'
V3 In plane C—H bend — * a,’
V4 Out of plane C—H bend C 650 £ 30 a,"
Vs In plane C—H stretch — * el
\ In plane ring distortion — * e
V7 In plane C—H bend — * e
Vg Out of plane C—H bend D 790 £ 10 e"
Vg In plane C—H stretch — * e’
Vio In plane ring distortion G 1325 +£35 e’
Vi1 In plane C—H bend F 1080 £ 10 e
Viz In plane ring bend E 890+ 15 e’
Vi3 Out of plane C—H bend — * e
Vig Out of plane ring bend B 500+ 15 e

* These vibrational modes were not observed in the photoelectron spectrum.

Table 3.5

Assignments of CsHse vibrational features observed in the photoelectron

spectrum of CsHs .
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4 Pyrrolide, C4HsN™

4.1 Introduction

Substitution of an N—H group for the CH, group in cyclopentadiene results in the
pyrrole molecule (C4HsN) which is isoelectronic with cyclopentadiene. The analogous
deprotonated anions, pyrrolide (C4H4N™) and cyclopentadienide, are isoelectronic with each
other. The corresponding neutrals, the pyrrolyl radical and the cyclopentadienyl radical, are
also isoelectronic with one another. In addition, the substitution lowers the symmetry from
D35, to C,,. Considering this, it is surprising that there have been few studies on pyrrolyl as a
perturbation to the cyclopentadienyl system.’

Photodetachment of pyrrolide has been reported,” as has photoionization of pyrrole.’
A short time ago, photofragment velocity map imaging was applied to the pyrrole system to
determine the N—H bond dissociation energy (Do) of pyrrole.* More recently, H Rydberg
atom photofragment translational spectroscopy was employed to very precisely measure the
N—H bond dissociation energy of pyrrole.” Here, the electron affinity (EA) and the
vibrational and electronic structure of the pyrrolyl radical are determined. Combining the
pyrrolyl EA with the pyrrole N—H bond dissociation energy, a precise gas-phase acidity for
the pyrrole molecule is obtained. The work presented here is also available as a publication’

(J. Phys. Chem. A, 2004, 108, 10326-10335).
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4.2 Experiment

Hydroxide ions (HO"), created using the microwave discharge ion source as
described in Chapter 2, were used to deprotonate pyrrole (Sigma, 98%), introduced
downstream, to create pyrrolide. Typical pyrrolide ion beam currents were ~150 pA. In
some experiments, liquid nitrogen was used to cool the flow tube and produce vibrationally
cooler ions; in these experiments, slightly smaller ion beams were produced (~75 pA). The
laser wavelength used for photodetachment of pyrrolide was 363.8 nm and measurement of

the EA of oxygen was used to calibrate the absolute energy scale.

4.3 Results

The 363.8 nm (3.408 eV) magic-angle photoelectron spectrum of pyrrolide at ~298 K
is shown in Figure 4.1. The spectrum shows a Franck-Condon envelope with at least three
active vibrations. The peak at 2.145 + 0.010 eV is assigned as the electronic band origin,
corresponding to the EA of pyrrolyl. This value is close to that of 2.39 + 0.13 eV obtained by
Brauman in a very early, low-resolution threshold photodetachment measurement.> Three
pyrrolyl vibrational frequencies are resolved in the spectrum at 925 + 65, 1012 + 25, and
1464 + 20 cm™ from the band origin. A weak peak at lower binding energy is identified as a
pyrrolide vibrational hot-band with a frequency of 874 + 95 cm’™.

Figure 4.2 shows the 298 K photoelectron spectrum with the laser polarization
parallel (8= 0°) and perpendicular (6= 90°) to the photoelectron collection axis. A value of
—0.5 = 0.1 was obtained for the anisotropy parameter, £, for the strong features in the
spectrum. The g value, however, is smaller across the weak continuous portion of the
spectrum (eBE > 2.5 eV), approaching zero. This variation of £ suggests that the spectrum

may represent electron detachment from more than one molecular orbital of pyrrolide.
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Figure 4.2 363.8 nm photoelectron spectra of pyrrolide taken at 298 K. The blue curve
was obtained with the laser at vertical polarization (6= 0°), and the red curve
was obtained with the laser at horizontal polarization (€= 90°).
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To aid in the assignment and interpretation of the photoelectron spectra, electronic
structure calculations were carried out on the pyrrole/pyrrolide/pyrrolyl system as outlined in
Chapter 2. Geometry optimizations and frequency calculations were performed at the
B3LYP/6-311++G(d,p) level of Density Functional Theory (DFT) for ground state pyrrolide
('A)), as well as the ground (*A,) and first excited (*B;) states of pyrrolyl. The optimized
geometries for these three stationary points are listed in Table 4.1 and vibrational frequencies
are listed in Table 4.2; these results compare well with a recent DFT study.”

The DFT calculations show that these states all have C,, symmetry. Figure 4.3
depicts the highest occupied molecular orbitals of pyrrolide. Detachment of an electron from
the highest occupied molecular orbital forms the ground state of pyrrolyl, which has A,
electronic symmetry. Likewise, detachment from the second highest occupied molecular
orbital forms excited state pyrrolyl, with B, electronic symmetry. Detachment from the a,(c)
orbital is inaccessible with the photon energy used in this experiment. The DFT calculations
find a minimum for *A, pyrrolyl and a transition state for B, pyrrolyl, as indicated by the
imaginary frequency listed in Table 4.2. These two stationary points are connected via a
pseudorotation path on the ground adiabatic potential energy surface.’

Examination of the geometries provides insight into which vibrational modes will be
activated upon photodetachment. There are significant differences of the bond lengths in the
ring between the anion ground state and the two states of the radical. It is therefore expected
that those vibrational modes which contain significant motion along the ring coordinates will
be active in the Franck-Condon profile.

Using the geometry and frequency results from the DFT calculations, Franck-Condon
simulations were performed for the transitions between 'A; pyrrolide and *A, or B, pyrrolyl,
as outlined in Chapter 2. The simulation, depicted in Figure 4.4, assumes identical total
photodetachment cross sections for the two radical states and neglects the imaginary

frequency in the B, state. Three totally symmetric vibrational modes in each state of
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N1

N

s N <®7 7 o\ °

C4—C?{ = \ /
H8 H7 Pyrrolide Pyrrolyl

Electronic State A A, B,
N—C Bonds (A) 1-2 1.3625 1.3441 1.3856
C—C Bonds (A) 2-3 1.4035 1.4598 1.3639
3-4 1.4195 1.3610 1.4947
C—H Bonds (A) 2-6 1.0865 1.0834 1.0794
3-7 1.0847 1.0798 1.0806
ZCNC (°) 5-1-2 105.13 104.74 106.84
ZNCC (°) 1-2-3 112.06 112.38 111.04
ZCCC (°) 2-3-4 105.38 105.25 105.54
ZHCN (°) 6-2-1 120.54 120.99 120.17
ZHCC (°) 7-3-2 127.20 126.26 128.29

Table 4.1 Pyrrolide and pyrrolyl geometries obtained from the B3LYP/6-311++G(d,p)

calculations.
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Pyrrolide Pyrrolyl
Mode  Symmetry A, A, 2B,
Frequency (cm™) Frequency (cm™) Frequency (cm™)
Vi A 3174 3245 3248
) Ay 3131 3201 3225
V3 A 1462 1556 1477
V4 A 1375 1433 1368
Vs A 1168 1203 1137
\ A 1104 1090 1071
7 A 1018 1043 936
Vs Ay 879 882 870
Vo A, 764 904 887
Vio A, 683 817 753
Vi A, 608 488 505
Vi2 B, 753 836 878
Vi3 B, 679 710 702
Via B, 652 540 326
Vis B, 3152 3226 3240
Vie B, 3126 3197 3217
Vi7 B, 1444 1355 1456
Vig B, 1300 1293 1285
Vao B, 1031 935 931
Vo B, 893 817 2167i
Table 4.2 Pyrrolide and pyrrolyl fundamental vibrational frequencies obtained from

B3LYP/6-311++G(d,p) calculations.
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representation of electron photodetachment from pyrrolide to form three
electronic states of pyrrolyl radical.
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Figure 4.4 Franck-Condon simulations of detachment of 'A, pyrrolide to *A, (blue) and
°B, (red) pyrrolyl. The binding energy for the *A, origin peak was adjusted
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position was adjusted to match the DFT term energy (~0.49 eV).
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Figure 4.5 Relative atomic displacements in the normal modes for pyrrolyl radical.
Three a; modes for the *A, state of pyrrolyl which are active in the
photoelectron spectrum, and one b, mode for the *B; state of pyrrolyl which
has an imaginary frequency.
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pyrrolyl are determined to be active in the Franck-Condon profile; the corresponding normal
mode displacements for the A, state are depicted in Figure 4.5. Fundamentals, overtones,
and combination bands of the three active modes make up the vibrational features observed in
the spectra.

Comparison between the experimental photoelectron spectrum and the Franck-
Condon simulations (Figure 4.4) makes it clear that the main features in the photoelectron
spectrum are due to detachment to the *A, ground state of pyrrolyl. The DFT calculations
predict a pyrrolyl EA of 2.116 eV, in excellent agreement with the experimental value of
2.145 + 0.010 eV. The Franck-Condon analysis also predicts the *B; state to appear in the
spectrum with a term energy of 0.49 eV according to the DFT calculations. No such
prominent features appear in the spectrum which can be ascribed to the °B; state. The
absence of such features must originate from the lifetime broadening along the vibrational

mode with an imaginary frequency.

4.4 Discussion

The pyrrolyl radical is isoelectronic with the cyclopentadienyl radical, CsHse. The
highest occupied molecular orbitals in CsHse* are doubly degenerate, have e," symmetry, and
are analogous to the a, and b, orbitals illustrated in Figure 4.3. Replacement of one C—H
group with a nitrogen atom converts CsHse into pyrrolyl and reduces the maximum symmetry
from D5, to C,,. As a consequence, the highest occupied molecular orbitals in pyrrolyl are no
longer required by symmetry to be degenerate. Since the b, orbital of pyrrolyl has a large
contribution from the nitrogen p orbital it will be more stable than the a, orbital which has a
node at the nitrogen position. This will result in pyrrolyl having a ground state of *A,, as
confirmed by the Franck-Condon analysis. ESR measurements of the pyrrolyl radical in

aqueous solution also find a *A, ground state.”
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It is straightforward to rationalize the geometry change between the anion ground
state and the radical ground state by recognizing the bonding character of the anion orbital
from which electron detachment takes place. The a, orbital has bonding character between
C2 and C3 and between C4 and C5, while antibonding character is found between C3 and C4
(Figure 4.3; see the figure in Table 4.1 for atom numbering). Detachment of an electron from
this orbital reduces these bonding and antibonding effects. Thus, the C2—C3 and C4—C5
bonds lengthen, while the C3—C4 bond shortens upon electron detachment to form the A,
state of the radical, as found in the DFT calculations (Table 4.1)

The anisotropy parameter (/) for the intense features assigned to the A, state is
about —0.5. As outlined in Chapter 1, this anisotropy is consistent with electron
photodetachment from a m type molecular orbital, lending additional support to the
assignment made here. The observed change of the S value from —0.5 to near zero hints at
contribution to the spectrum from another electronic state of pyrrolyl. Figure 4.4 shows that
the Franck-Condon simulation of detachment to the *B; state of pyrrolyl predicts a prominent,
well-resolved photoelectron spectrum beginning about 0.5 eV above the ground-state origin.
No such spectrum is observed, but there appears to be a weak continuum in this region.

This state is “missing” because of a large imaginary frequency at the “B, stationary
point. DFT predicts a first order transition state for the *B, state with a single b, mode with a
large imaginary frequency of 2167i cm™. All other calculated frequencies are real, with the
smallest frequency being 326 cm™. The displacements for the imaginary mode are depicted
in Figure 4.5. This vibration corresponds to the pseudorotation coordinate between the B,
and “A, stationary points. Following this coordinate from the °B; stationary point, it is
downhill in energy all the way to the A, potential minimum.

The magnitude of the imaginary frequency shows the steepness of the potential

energy surface along this normal coordinate. The shape of the potential surface is directly
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related to lifetime broadening in transition-state spectra.” Such a large magnitude imaginary
frequency for the pyrrolyl *B, state suggests that the spectrum would be broadened
substantially. The Franck-Condon simulation in Figure 4.4 was performed with a full width
at half maximum of 15 meV. This linewidth represents the instrument resolution and is
appropriate for the A, ground state but not for the *B; transition state. If the B state has
both substantial lifetime broadening and a photodetachment cross section comparable to the
ground state, then the spectrum would appear as a weak, broad, featureless continuum, as
observed. The Franck-Condon simulation for the *A, ground state shows little intensity
above 2.7 eV electron binding energy, and yet the experimental spectrum exhibits a weak tail
up to about 2.1 eV, with a significantly different § value. All of these observations lead to
the conclusion that the broad tail of the photoelectron spectrum above an electron binding
energy of 2.6 eV reflects transitions to the *B; state of pyrrolyl, with an intrinsic width of
perhaps 0.1 eV.

The imaginary frequency of the °B; state arises from non-adiabatic (vibronic
coupling) effects with the nearby *A, ground state. Comparing pyrrolyl with CsHse may help
illustrate the problem at hand. Figure 4.6 shows a qualitative picture of the adiabatic
potential energy surfaces of CsHse along two first-order Jahn-Teller active normal
coordinates, as discussed recently by Miller et al.'™ "' The degenerate ground states, °E," in
Ds, symmetry, are subject to Jahn-Teller effects, resulting in lower symmetry (C5,) stationary
points which are no longer degenerate. The C,, minima are connected by a pseudorotation
path (the moat in Figure 4.6), and there is a small barrier along this coordinate. For pyrrolyl,
the corresponding adiabatic potential energy surfaces can be drawn along a; and b, normal
coordinates, as shown in Figure 4.7. The picture reflects the fact that the symmetry is
reduced from Ds, to C,,, lifting the degeneracy, and giving rise to two stationary points, a

minimum (a, electronic symmetry) and a transition state (b, electronic symmetry).
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Looking at a pseudorotation path similar to CsHse, it is clear that it is indeed downbhill
in energy from the B, saddle point on the potential surface to the *A, minimum. The
imaginary frequency of 2167i cm™ is consistent with a time of ca. 10 fs to move away from
the saddle point, which can be taken as an estimate of the lifetime of the transition state.
With such a small lifetime, any population which arrives at the *B; transition state point on
the potential surface will quickly relax toward the *A, minimum.

Figure 4.8 shows a one-dimensional slice of the potential energy surfaces of pyrrolyl
along the C5, (a;) axis. DFT calculations were employed to evaluate the energetic relation
between the 2A, and *B; electronic symmetries at the stationary points. At the A, minimum
geometry, the upper potential (*B;) is 1.3 eV higher. In contrast, at the B, saddle point
geometry, the upper potential energy (*A,) is located only 0.17 eV above the *B, saddle point.
In terms of the potential energy surface expansion in Equation 1.11, b, vibrations can
vibronically couple the *A, and B, states. At the *B, stationary point, the energy separation
is small, and the coupling term in Equation 1.11 becomes large and negative. If the
magnitude of the coupling term exceeds the other quadratic term, the stationary point will
become a saddle point. The imaginary frequency of 2167i cm™ for a b, mode is consistent
with this. At the *A, stationary point, however, there is a relatively large energy separation,
which suggests that vibronic coupling effects will be minimal. This region is, of course, the
portion of the configuration space explored in the photoelectron spectrum of the pyrrolyl A,
ground state. As discussed before, the band origin of the *A, state (corresponding to the
pyrrolyl radical EA) is 2.145 + 0.010 eV. Without resolvable features for the “B; excited
state, assignment of the term energy is difficult. According to the DFT calculations this value
is 0.49 eV.

With the above measurement of the pyrrolyl EA, the bond dissociation energy can
now be determined for breaking the pyrrole N—H bond, as outlined in Chapter 2. However,

the recently determined pyrrole N—H bond dissociation energy’ (93.92 + 0.11 kcal mol™)
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has an error bar much smaller than usually obtained through the methods of Chapter 2.
Consequently, the EA determined here can be combined with this bond dissociation energy to
determine a precise value for the 0 K pyrrole deprotonation enthalpy, A..idHo(C4H;N—H) =
358.0 + 0.4 kcal mol”'. Using thermodynamic information from the Gaussian output files,
conversion to the 298 K deprotonation enthalpy and gas phase acidity yields
AaciaF203(CsH;N—H) = 359.4 + 0.4 kcal mol” and A,iqGaos(CsHN—H) = 351.9 + 0.4 kcal
mol”', respectively. This compares well with but improves upon the literature values'? of
AaciaH20s(C4H,N—H) = 358.6 + 2.2 kcal mol” and AuiqGaos(CsH,N—H) = 350.9 + 2.0

kcal mol™.

45 Conclusion

The photoelectron spectrum of pyrrolide reveals the EA of pyrrolyl radical to be
2.145 £ 0.010 eV. This EA value and the pyrrole N—H bond dissociation energy were
combined in a thermochemical cycle to yield the gas-phase acidity of pyrrole,
AuciaGros(CsHN—H) = 351.9 + 0.4 kcal mol'. The Franck-Condon simulation of the
photoelectron spectrum confirms that the ground state of pyrrolyl is *A, and identifies three
harmonic vibrational frequencies active in the spectrum (925 + 65, 1012 £ 25, and 1464 + 20
cm™). These totally symmetric modes of *A, pyrrolyl have large displacements along the ring
coordinates. The first excited state of pyrrolyl, “B,, appears broad and featureless,
overlapping the tail of the *A, portion of the spectrum. DFT calculations predict a saddle
point for the B, stationary point, with a b, imaginary frequency of 2167; cm™ indicating that
the potential energy surface is rather steep along this coordinate. Substantial lifetime
broadening is responsible for the appearance of the *B; state in the photoelectron spectrum.
The term energy for the *B; state is 0.49 eV according to the DFT calculations, but this

energy cannot be determined from the spectrum.
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Adiabatic potential energy surface of the two lowest electronic states of
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Adiabatic potential energy surface of the two lowest electronic states of the
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Schematic illustration of the potential energy curves of the two lowest
electronic states of the pyrrolyl radical, corresponding to a slice of the
potential energy surfaces shown in Figure 4.7 along the totally symmetric
coordinate. =~ The potential energy separations were calculated at the
B3LYP/6-311++G(d,p) level.
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5 Imidazolide, CsH3N,~

5.1 Introduction

Substitution of a N atom for a C—H group in cyclopentadiene results in the pyrrole
molecule; substitution of a second N atom for another C—H group can result in two isomers
depending upon the arrangement of the two N atoms in the ring. If the two N atoms are
adjacent in the ring, the result is the pyrazole molecule; if the two N atoms are spaced in the
ring, the result is the imidazole molecule. As in the pyrrole system, deprotonation of
imidazole takes place at the N site to form 1-imidazolide anion. In imidazole, however, a
carbon site is also quite acidic""* and is deprotonated by HO™ to form an imidazolide isomer,
S-imidazolide. The gas phase acidities (AuciaGas) of the imidazole N and C5 protons are
342.6 + 0.4 and 380 = 4 kcal mol™, respectively. Although these ions have the same mass,
they should have different photoelectron signatures and, if formed in the flow tube, both
should appear in the photoelectron spectrum. The photoelectron spectra obtained reveal
vibrational and electronic structure of the corresponding neutral radicals. The results
presented here are also available in a recent publication’ (J. Phys. Chem. A, 2005, 109,

11504-11514).
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5.2 Experiment

Hydroxide ions are created using the microwave discharge ion source as described in
Chapter 2. Imidazole (Sigma, 99%) is introduced downstream by flowing a stream of helium
through a crystalline imidazole sample heated to ~50 °C. The imidazole is deprotonated by
HO™ to form imidazolide ions. Typical imidazolide ion beam currents were ~150 pA. The
laser wavelength used for photodetachment of imidazolide was 351.1 nm. In some
experiments O~ was used as the deprotonation agent. Measurement of the EA of oxygen was

used in calibration of the absolute energy scale.

5.3 Results

The 351.1 nm (3.531 eV) magic angle photoelectron spectrum of 1-imidazolide is
shown in Figure 5.1. The most intense peak, labeled A, is assigned as the ground state band
origin, and the EA of 1-imidazolyl is determined to be 2.613 + 0.006 eV. Several peaks are
observed to higher binding energy, representing vibrational levels of 1-imidazolyl. Table 5.1
lists the energies of the observed peaks relative to the origin. Figure 5.2 shows the 298 K
photoelectron spectrum with the laser polarization parallel (8 = 0°) and perpendicular (8 =
90°) to the photoelectron collection axis. A value of —0.30 £ 0.08 was obtained for the
anisotropy parameter () of the major features in the spectrum.

DFT calculations were performed to make assignments of the photoelectron spectra,

as outlined in Chapter 2. Geometry optimizations and frequency calculations were performed



Table 5.1

Peak Label Peak Position (cm™)

0
955+ 15
1365 £20
1575 +£30
1925 £25
2325+ 30

MmO w >

Relative experimental peak positions for peaks labeled in Figure 5.1.

83



1000

800

600

400 -

Photoelectron Counts

200

D

3.4

Figure 5.1

33 32 3.1 3.0 2.9 2.8 2.7 2.6 25 24

Electron Binding Energy (eV)

351.1 nm magic angle photoelectron spectrum of 1-imidazolide at 298 K.
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Figure 5.2 351.1 nm photoelectron spectra of 1-imidazolide taken at 298 K. The blue
curve was obtained with the laser at vertical polarization (6= 0°), and the red
curve was obtained with the laser at horizontal polarization (8= 90°).
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at the B3LYP/6-311++G(d,p) level of DFT for ground state 1-imidazolide (‘A;), and the *B;,
’B,, and *A, states of 1-imidazolyl. Table 5.2 lists the optimized geometries and Table 5.3
lists the harmonic vibrational frequencies obtained at these four stationary points. As with
the pyrrole system, these stationary points all have C,, symmetry. Figure 5.3 depicts the
molecular orbitals of 1-imidazolide, illustrating how the orbitals have been reordered for this
system. Detachment from the highest occupied molecular orbital of 1-imidazolide will result
in the ground state of 1-imidazolyl, ’B;. Detachment from lower energy molecular orbitals of
1-imidazolide results in excited states of 1-imidazolyl, 2B2 and 2A2. The DFT calculations
find a minimum for *B, 1-imidazolyl, but transition states for both ’B, and A, 1-imidazolyl
as indicated by the b, vibrations with imaginary frequencies.

A Franck-Condon simulation was performed for detachment of 'A, 1-imidazolide to
’B, l-imidazolyl and is depicted in Figure 5.4. The simulation reproduces the observed
experimental spectrum reasonably well. The DFT calculations predict an EA of 2.592 eV, in
good agreement with the experimental value. Thus, the observed spectrum is assigned to the
’B, ground state of 1-imidazolyl. A ’B, ground state for 1-imidazolyl was also observed in
aqueous solution.* With the Franck-Condon simulation, assignments of the vibrational peaks
can now be made. Peak A corresponds to the vibrationless origin. A small 1-imidazolide
hot-band peak appears to lower binding energy of peak A with a frequency of 1165 + 45 cm™.
The first vibrational peak, B, is a totally symmetric C—C stretching mode (v¢). The next
peak, C, is another totally symmetric mode with C—N stretching motions (v;). The overtone
of v¢ and the v; + v4 combination band appear as peaks E and F, respectively.

Peak D, however, does not appear in the Franck-Condon simulation. Comparing the
position of this peak with the DFT computed vibrational frequencies for *B; 1-imidazolyl,

this mode could correspond to an overtone of a b; mode (2v;;) or a b, mode (2v;5). Even



H8 N1 _H6
C5 c2
1-Imidazolide 1-Imidazolyl
C4—N3
H7
Electronic State A, ’B, B, A,

N—C Bonds (A) 1-2/3-2 1.3489 1.3717 1.3320 1.3398
1-5/3-4 1.3708 1.3172 1.3794 1.4428
C—C Bonds (A) 4-5 1.3917 1.4744 1.3634 1.3383
C—H Bonds (A) 2-9 1.0860 1.0816 1.0751 1.0804
4-7/5-8 1.0847 1.0825 1.0765 1.0779
ZNCN (°) 1-2-3 116.30 116.03 105.61 115.31
ZCNC (°) 2-1-5/2-3-4 102.69 103.10 111.23 103.64
ZNCC (°) 1-5-4 / 3-4-5 109.16 108.88 105.96 108.70
ZHCN (°) 6-2-1/6-2-3 121.85 121.98 127.20 122.35
7-4-3 / 8-5-1 121.65 123.00 121.05 119.98

Table 5.2 1-Imidazolide and 1-imidazolyl geometries obtained from

B3LYP/6-311++G(d,p) calculations.
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1-Imidazolide 1-Imidazolyl
Mode Symmetry A, ’B, ’B, A,
Frequency Frequency Frequency Frequency

(cm™) (cm™) (ecm™) (cm™)

Vi a 3172 3231 3298 3274
V2 a 3147 3218 3280 3236
V3 a 1443 1436 1530 1594
V4 a 1254 1313 1371 1302
Vs a 1184 1166 1159 1131
A a 1085 982 1116 1037
\Z a 935 919 906 922
Vs a 777 974 833 891
Vo a 666 560 647 454
Vio b, 809 867 787 848
Vi b, 734 756 758 746
Vi b; 696 511 403i 924i
Vi3 b, 3145 3205 3258 8436
Via b, 1466 1523 1396 3248
Vis b, 1304 1289 1269 1345
Vis b, 1231 1188 1227 1275
Vi7 b, 1100 1016 1045 956
Vis b, 931 780 733 904

Table 5.3 1-Imidazolide and 1-imidazolyl fundamental vibrational frequencies obtained

from B3LYP/6-311++G(d,p) calculations.
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Figure 5.3 Three highest occupied molecular orbitals of 1-imidazolide and the
schematic representation of electron photodetachment from 1-imidazolide to
form three electronic states of 1-imidazolyl.
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Figure 5.4 Franck-Condon simulation of detachment from 'A, 1-imidazolide to *B,

1-imidazolyl (red) overlaid on the experimental spectrum (black).
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quanta of nontotally symmetric modes are symmetry-allowed and can be observed in the
spectra. A nonzero Franck-Condon factor for these overtones originates from a large change
in the corresponding vibrational frequencies between the initial and final states of the
transition. In the 1-imidazolide system, however, there is no significant Franck-Condon
factor for either 2vy; or 2vys, as seen by the lack of a vibrational peak in the region of peak D.

Alternatively, overtone peaks can gain intensity from Fermi resonance.” The Fermi
resonance mixes two vibrational levels of the same vibrational symmetry, and the extent of
the mixing is larger when the energy separation of the two unperturbed vibrational levels is
smaller. Peak D is located very close to peak C whose Franck-Condon factor is very large
according to the simulation. The two peaks are separated by only ~200 cm™. The mixing of
the two levels takes place through anharmonic coupling.

Numerical differentiation of the analytic second derivatives is implemented in the
Gaussian 03 program package to obtain cubic force constants. The cubic force constants for
the *B, state of 1-imidazolyl were calculated at the stationary point and are transformed into
the basis of the dimensionless normal coordinates. The calculated force constants for (v3, vy,
vi1) and (vs, vig, vig) are 25 and 209 cm'l, respectively. A simple 2 by 2 matrix is set up for
each anharmonic coupling to evaluate the corresponding Fermi resonance mixing, using the
DFT harmonic frequencies. The mixing between v; and 2vy; is less than 1%, with an energy
shift of less than 1 cm™. The mixing between v; and 2v;g, however, is about 10%, with an
energy shift of 19 cm™. These calculations suggest that the Fermi resonance effects are much
larger for v; and 2v,g despite the larger separation of the energy levels. Therefore, peak D is
assigned as 2v;g, borrowing intensity from the Franck-Condon factor of peak C (v;) through
the Fermi resonance.

Figure 5.5 shows a portion of the photoelectron spectrum observed at lower binding

energy which displays several small features. When O™ was used to deprotonate imidazole,
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these features are absent from the spectra and only the spectrum of 1-imidazolide is observed,
virtually identical to Figure 5.1. Since HO is a stronger base than O™, deprotonation of a less
acidic site of imidazole may be possible with HO™ but not with O". DFT calculations were
performed to explore the different acidities of imidazole, with the results depicted in Figure
5.6. The DFT calculations predict A,.iafrs to be 349.6 kcal mol”! for the N1 position, in
excellent agreement with an experimental value® of 349.7 + 0.5 kcal mol”. Combined with a
reported deprotonation enthalpy® of HyO (AuciaHaos = 390.27 + 0.03), the enthalpy of HO™
reaction with imidazole to yield 1-imidazolide and H,O is —40.6 kcal mol” (experimental
value is —40.6 £ 0.5 kcal mol™"). The DFT calculations find the other protons in imidazole to
be much less acidic. The calculated deprotonation enthalpies, A,ciafos, are 389.8, 404.4, and
387.9 kcal mol™ for the C2, C4, and C5 positions, respectively. As shown in Figure 5.6, HO™
deprotonation of imidazole is slightly exothermic at C2 and CS5, but endothermic for C4
deprotonation. The deprotonation enthalpy of the hydroxyl radical’ is 382.70 + 0.10 kcal
mol™, and the DFT calculation results suggest that deprotonation at all of the carbon sites of
imidazole by O is endothermic. These DFT results suggest that 5-imidazolide detachment is
most likely responsible for the small features observed in the spectrum.

To assign these features, DFT geometry optimizations and frequency calculations
were performed on 5-imidazolide and 5-imidazolyl. Table 5.4 lists the geometries obtained
from these calculations and Table 5.5 lists the frequencies. Using these results, a Franck-
Condon simulation was performed and is overlaid on the experimental spectrum in Figure
5.5. DFT predicts an EA of 5-imidazolyl of 1.986 eV, in excellent agreement with the peak
located at 1.992 £ 0.010 eV. A progression with a frequency of 900 + 70 cm™ is observed in
the spectrum and the simulation predicts two in-plane ring bending modes to be active in the

photoelectron spectrum. These modes have harmonic frequencies of 859 and 931 cm™ and
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Portion of the 351.1 nm magic angle photoelectron spectrum of imidazolide
anions produced from the imidazole + HO™ reaction at 298 K (black) and
simulation of detachment of 5-imidazolide (red). The peak at ~2.45 eV is the
1-imidazolide hot band and the intense origin peak of 1-imidazolyl grows in
at>2.5eV.
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Figure 5.6 B3LYP/6-311+G(d,p) reaction enthalpies for proton transfer reactions at
different positions of imidazole.



Table 5.4

H8

N1

7N\, —18 . . .
s c2 5-Imidazolide 5-Imidazolyl
C4—N3
H7
Electronic State ‘A ‘A

N—C Bonds (A) 1-2 1.377 1.368
2-3 1.317 1.315

3-4 1.396 1.384

5-1 1.406 1.370

C—C Bonds (A) 4-5 1.400 1.363
N—H Bonds (A) 1-8 1.007 1.007
C—H Bonds (A) 2-6 1.084 1.079
4-7 1.084 1.076

ZNCN (°) 1-2-3 110.4 111.1
ZCNC (°) 2-1-5 111.8 105.7
2-3-4 103.9 107.2

ZNCC (°) 1-5-4 99.0 108.5
3-4-5 115.0 107.5

ZHNC (°) 8-1-2 124.5 127.8
ZHCN (°) 6-2-1 123.8 123.2
ZHCN (°) 7-4-5 126.3 130.0

5-Imidazolide and 5-imidazolyl geometries obtained from
B3LYP/6-311++G(d,p) calculations.
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1-Imidazolide 1-Imidazolyl

Mode Symmetry TA! ZA!
Frequency Frequency
(cm™) (em™)
Vi a' 3638 3656
) a' 3171 3277
V3 a' 3164 3246
V4 a' 1509 1518
Vs a' 1387 1434
V6 a' 1328 1408
\%. a' 1271 1315
Vs a' 1190 1249
Vo a' 1100 1149
Vio a' 1070 1106
Vi a' 1022 1056
Vi2 a' 941 931
Vi3 a' 892 859
Vig a" 784 818
Vis a" 687 784
Vie a" 674 673
Vi7 a" 655 556
Vig a" 507 439

5-Imidazolide and 5-imidazolyl fundamental vibrational frequencies obtained
from B3LYP/6-311++G(d,p) calculations.
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are vi3 and vy, respectively. This progression reflects the differences in the angles of the

five-membered ring between the anion and the neutral, particularly the N1-C5-C4 angle.

54 Discussion

With two N atoms in the five-membered ring, the relative energies of the highest
occupied molecular orbitals of 1-imidazolide are different compared to the pyrrolide system.
Since the a, orbital of 1-imidazolide is mainly composed of nitrogen p orbitals it will be
stabilized relative to the by orbital which has only minor contributions from the nitrogen p
orbitals. This stabilization is in fact much larger than in the pyrrolide system, such that the a,
orbital is lower in energy than a b, orbital. The energetic ordering of the 1-imidazolide
molecular orbitals is illustrated in Figure 5.3. Not including zero point energies, the DFT
calculations predict that the term energy for the °B, state is 0.84 eV, while that of the *A,
state is 0.95 eV. Either the laser photon energy is insufficient for detachment to these excited
states or the kinetic energy of the photoelectrons may be too low (< 0.15 eV) for efficient
detection.

With these electronic states lying so closely together, non-adiabatic effects can
become important. For the 1-imidazolyl radical ground state, there is reasonable agreement
of the Franck-Condon simulation with the experimental spectrum, indicating that non-
adiabatic effects are minimal in the vicinity of the B, ground state. Near the ’B, and °A,
stationary points, the non-adiabatic effects become more significant. These two excited states
couple strongly with each other through b; vibrational modes and are transformed into
transition states. There is also significant vibronic coupling between the *B; ground state and
the *A, state, as evidenced by the unexpected 8436 cm™ b, vibration calculated for the *A,
state.

Coupling between the *B; ground state and *A, excited state may also be responsible

for the appearance of the Fermi resonance peak in the spectrum of the *B; state. Looking at
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the potential energy surface expansion of Equation 1.11, vibronic coupling between the *B;
and A, states occurs through b, vibrational modes. Vibronic coupling effects on the *B,
surface near its equilibrium geometry are marginal because of the relatively large energy
separation with the A, state. The DFT calculations show that the *A, surface lies 1.9 eV
higher in energy than the *B, surface at its equilibrium geometry.

The cubic force constant for @5 ;515 is explicitly written as:

i _a(anj 50)
B aQSaQISaQIS aQ3 aQ182 '

This cubic force constant is a gradient of the quadric force constant for the v;g b, mode along
the totally symmetric v; mode. Looking again to Equation 1.11, the vi3 quadratic force
constant depends on the vibronic coupling between the *B; and A’ states. Consequently, the
cubic force constant @; 55 can exhibit the dependence of the vibronic coupling on the v;
motion.

In the Franck-Condon simulation shown in Figure 5.4, the parameters of the
following equation are calculated.®
0=J0'+K (5.2)
Here, Q' and Q are matrices for the normal coordinates of the imidazolide and imidazolyl
ground states, respectively; J is a matrix for Duschinsky rotation of the two sets of normal
coordinates; K is a column vector representing the geometry displacement between the two
states. The components of the K vector for all of the a; modes of the ’B, state of 1-imidazolyl
are shown in Table 5.6. The largest displacement takes place along vs, and the magnitude of
the displacement is 1.249 in dimensionless units. The second largest value is vs, with a
displacement of 0.919. These large displacements manifest themselves in the photoelectron

spectrum as vibrational progressions for these modes.
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a; mode K(CB;-'A)) KB, -?A))
1 0.036 0.075
2 0.031 0.081
3 1.249 2.768
4 0.376 1.094
5 0.322 0.026
6 0.919 1.488
7 0.534 1.322
Table 5.6 Geometry displacement parameters, K, in dimensionless normal coordinates

for ’B; 1-imidazolyl — 'A; 1-imidazolide and *B; 1-imidazolyl — *A,
1-imidazolyl.



100

In the same way, the K vector can be calculated for the geometry shift from the B,
ground state to the A, excited state of imidazolyl; its components are also shown in Table
5.6. The geometry shift along v; is by far the largest between the two imidazolyl states,
having a displacement of 2.768. The large K vector component for the N—C stretching mode
is not surprising as Table 5.2 shows that the N1—C5 (N3—C4) is very different between the
’B, and %A, states. Assuming for a moment that the ’B, and *A, states have identical normal
modes (i.e. parallel modes) and that the potential energy surfaces are harmonic, the K vector
represents the slopes of the *A, potential energy surface along the a; modes at the equilibrium
geometry of the “B, state. Under this assumption, the energy separation between the *B; and
*A, states changes by ~0.6 eV as the geometry shifts along the vs mode by one dimensionless
unit. The nuclear motions for this mode is asymmetric NCN stretching, and the
corresponding mode in pyrrolyl was found to be responsible for strong vibronic coupling
between the *A, and ’B, states of pyrrolyl.” Taking the magnitude of the vibronic coupling

matrix as 0.15 eV, which represents moderately strong vibronic coupling,'®"*

the quadratic
coupling constant for the vz mode of l-imidazolyl changes by 90 cm™” as the energy
separation decreases from 1.9 to 1.3 eV. Thus it is reasonable that vibronic coupling between

the “B, and the *A, states of imidazolyl contributes to the relatively large anharmonicity,

which causes the Fermi resonance effects.

Thermodynamics

Using the experimentally determined EA for l-imidazolyl, it is now possible to
derive the imidazole N—H bond dissociation energy using the methods outlined in Chapter 2.
Experimental values® for the imidazole gas phase acidity and deprotonation enthalpies are
AuciaGhos = 342.6 £ 0.4 keal mol™, AuigHos = 349.7 + 0.5 keal mol™, and A,ciaHo = 348.4 + 0.5

kcal mol™'. Combining the EA with the 0 K deprotonation enthalpy yields Dy(imidazole N-H)
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= 95.1 + 0.5 kcal mol”'. In turn, the bond dissociation energy can be combined with the
imidazole heat of formation’ (AgHaes = 31.8 + 0.1 kcal mol”) to determine the heat of
formation of 1-imidazolyl radical, AgH>9s = 76.2 £ 0.6 kcal mol ™.

With an experimental value for the imidazole C5 gas phase acidity, it would be
possible to determine the imidazole C5—H bond dissociation in a similar way. Experimental
considerations make it difficult to directly measure the acidity of a proton in the presence of
more acidic protons in the same molecule. The photoelectron measurements on
5-imidazolide, however, definitively show that it is energetically possible to deprotonate
imidazole at the C5 position using HO™. Since these measurements also indicate that it is not
energetically possible to deprotonate imidazole at the C5 position using O, the gas phase
acidity of the C5 proton of imidazole is bracketed between the acidities of H,O and HO,
yielding A,.i¢Gags(imidazole C5—H) = 380 + 4 kcal mol ™. Combining this value with the
5-imidazolyl EA of 1.992 + 0.010 eV and thermal corrections from the DFT results,
Dy(imidazole C5—H) = 119 + 4 kcal mol”'. From D, the heat of formation of 5-imidazolyl

radical can also be determined, A¢Hhoz = 100 + 4 kcal mol™.

5.5 Conclusion

The photoelectron spectrum of imidazolide, produced by HO™ deprotonation of
imidazole in helium buffer gas, has been measured. The EA of l-imidazolyl radical is
determined to be 2.613 + 0.006 eV. Franck-Condon simulations based on DFT calculations
for the ground states of 1-imidazolide and 1-imidazolyl reproduce the observed spectrum
reasonably well, indicating that two totally symmetric vibrations are active in the spectrum
with C—C stretching and C—N stretching motions. The experimental frequencies of these
vibrations are 955 + 15 and 1365 + 20 cm’, respectively. Additionally, a small overtone
feature is observed in the spectrum with a frequency of 1575 + 30 cm™, gaining intensity due

to a Fermi resonance. Combining the EA of 1-imidazolyl with a value for the N—H bond
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deprotonation enthalpy of imidazole in a thermodynamic cycle, the imidazole N—H bond
dissociation energy is determined to be Dy = 95.1 + 0.5 kcal mol™.

The imidazolide photoelectron spectrum also included several peaks originating from
5-imidazolide. These features reveal the EA of 5-imidazolyl radical to be 1.992 + 0.010 eV.
When O™ was used as the deprotonation agent, these signals were absent from the spectrum,
suggesting that the acidity of the proton at the C5 position of imidazole is bracketed by those
of H,0O and OH radical and is AigGaos = 380 + 4 kcal mol™'. The acidity is corrected for
thermal effects and combined with the EA of 5-imidazolyl in a thermodynamic cycle to yield
the C5—H bond dissociation energy of imidazole, Dy = 119 + 4 kcal mol™. The relatively
large error bar arises from the uncertainty of the acidity, and experiments on
1-methylimidazole are underway to allow for more accurate determination of the C—H bond

dissociation energy."
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6 Pyrazolide, C3H3N,~

6.1 Introduction

As previously discussed, pyrazole is an isomer of imidazole. In pyrazole the nitrogen
atoms in the ring are adjacent whereas in imidazole they are separated. Deprotonation of
pyrazole takes place primarily at the nitrogen site to form 1-pyrazolide, but as with imidazole,
it is possible to deprotonate a pyrazole carbon site with HO™ to form 5-pyrazolide. The gas
phase acidities (A,ciaGaos) of the pyrazole N and C5 protons are 346.4 + 0.3 and 380 + 4 kcal
mol™, respectively. In contrast with imidazole, the removal of the proton at the pyrazole C5
position was facile, and quite large photoelectron signals from 5-pyrazolide were observed
simultaneous with the 1-pyrazolide photoelectons. Here, the EA and vibrational structure of
1- and 5- pyrazolyl are measured. These results are newly available as a publication' (J.

Phys. Chem. A, 2006, DOI: 10.1021/jp057499+).
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6.2 Experiment

Hydroxide ions are created using the microwave discharge ion source as described in
Chapter 2. Pyrazole is introduced into the flow tube by flowing a stream of helium through a
crystalline pyrazole sample at room temperature. Deprotonation of pyrazole forms
pyrazolide ions, and typical ion beam currents were ~250 pA. In some experiments liquid
nitrogen was used to cool the flow tube to aid in cooling of the ions. In these experiments,
slightly smaller ion beam currents were observed, ~150 pA. Additionally, pyrazolide ions
were also formed by reaction of pyrazole with oxygen anion (O") or fluoride (F") with similar
ion beam currents. F~ is produced by adding a trace amount of NF; downstream of the
microwave discharge. The laser wavelength used for photodetachment of pyrazolide was
351.1 nm. Measurements of the EAs of oxygen and iodine” (3.059 eV) were used to calibrate

the absolute energy scale.

6.3 Results

Figure 6.1 shows the 351.1 nm magic angle photoelectron spectrum of pyrazolide
ions produced from the reaction of pyrazole with HO™. Intense peaks are observed at eBE >
2.9 eV, along with several weaker peaks at eBE < 2.6 eV. Spectra were also measured with
pyrazolide ions produced from the reaction of pyrazole with O™ and F~. The spectra obtained
with these reactant ions are virtually identical with that in Figure 6.1 at eBE > 2.9 eV, but
there are no photoelectron signals observed at eBE <2.6 eV.

DFT calculations were performed to explore the acidities of pyrazole. Reaction
enthalpies for deprotonation of pyrazole by HO™  were computed at the
B3LYP/6-311++G(d,p) level. The DFT results were combined with an experimental value of
the H,O deprotonation enthalpy3 (AaciaH298 = 390.27 £ 0.03 kcal mol'l) to derive the reaction

enthalpies listed in Figure 6.2. Deprotonation at the N1 site is the most exothermic, with a
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Figure 6.1 351.1 nm magic angle photoelectron spectrum of pyrazolide at 298 K.
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- 35.4 kcal mol”!
(exp.-36.7£0.4)

+9.9 keal mol™!

+ 6.6 keal mol™!

- 5.8 kcal mol'1

DFT reaction enthalpies evaluated for HO™ deprotonation of pyrazole at
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reaction enthalpy of —35.4 kcal mol™. For deprotonation at the carbon sites, only formation
of 5-pyrazolide is predicted to be exothermic, with a reaction enthalpy of —5.8 kcal mol™.
When O™ [AuciaHros(OH) = 382.6 + 0.07 kcal mol™] * or F~ [AwiaHaos(HF) = 371.331 + 0.003
kcal mol'] ? is used, deprotonation at all carbon sites is endothermic. These results suggest
assignment of the higher binding energy features to 1-pyrazolide detachment and the lower
binding energy features to 5-pyrazolide detachment.

Figure 6.3 shows an expanded region of the higher binding energy portion of the
spectrum, corresponding to detachment of 1-pyrazolide. This spectrum was taken with the
same experimental conditions as used for the spectrum in Figure 6.1 except that the flow tube
was cooled with liquid nitrogen to vibrationally cool the ions. Angular measurements were
performed and anisotropy parameters (/5) were measured for the different peaks in Figure 6.3,
with S values ranging from -0.2 to -0.65. Intuitively, among all of the peaks observed, the
one at the lowest binding energy (peak A) is expected to be the origin of the ground
electronic state of 1-pyrazolyl. Table 6.1 lists the relative experimental peak positions and
values for features labeled in Figure 6.3. The peak labeled B has = —0.65 + 0.09, which is
significantly different from that of the origin peak, f=—-0.25 £ 0.09. Observation of distinct
anisotropy parameters indicates detachment from different molecular orbitals of the anion,
that is, access to different electronic states of the neutral.

To aid in the assignment of these features, DFT calculations were performed on
1-pyrazolide and 1-pyrazolyl. Geometry optimizations and frequency calculations were
performed at the B3LYP/6-311++G(d,p) level and C,, stationary points were located for 'A,
1-pyrazolide, and *A,, By, and °B, 1-pyrazolyl. The DFT calculations predict a minimum for
'A; 1-pyrazolide, A, and “B; 1-pyrazolyl, but a transition state for °B, 1-pyrazolyl. Tables
6.2 and 6.3 list the geometries and frequencies obtained from these calculations. These

results predict a A, ground state for 1-pyrazolyl, with an EA of 2.945 ¢V. This predicted EA
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Figure 6.3 351.1 nm magic angle photoelectron spectrum of 1-pyrazolide produced

under liquid nitrogen cooled flow tube conditions.
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is close to the peak at 2.935 + 0.005 eV. Considering this, the ground state of 1-pyrazolyl is
assigned as “A,. The DFT results also predict term energies of 0.031 and ~0.1 eV for ’B; and
’B, l-pyrazolyl, respectively. The term energy of the “B, state is surprisingly close to the
peak spacing between peaks A and B in Figure 6.3. More important than the good agreement
with the experimental peak spacing is the observation of a near-degeneracy of the *A, and °B,
states.

Franck-Condon simulations were performed for detachment of 1-pyrazolide to the
’A, and *B, states of 1-pyrazolyl, as outlined in Chapter 2. Fixing the *A, origin position and
intensity to those of peak A and the *B, origin position and intensity to those of peak B yields
the simulations found in Figure 6.4, where the agreement between the Franck-Condon
simulation and the experimental spectrum is generally poor. The peaks labeled C and D are
completely missed by the simulations and the intensity of the bands at higher eBE are
severely overestimated. Switching of the assignments (i.e. B, as the ground state and *A, as
the excited state) does not alleviate the discrepancy. This disagreement is surprising,
considering that Franck-Condon simulations of pyrrolide and imidazolide detachment
reproduce the experimental spectra rather well. This simulation, however, is reminiscent of
the Franck-Condon simulation of cyclopentadienide detachment, where several bands were
missing from the spectrum while the intensities of other bands were overestimated.

These observations lead to the conclusion that the geometry displacements from 'A,
1-pyrazolide to *A, and ’B; 1-pyrazolyl may be overestimated by the DFT calculations.
Additionally, vibronic coupling (a.k.a. Pseudo-Jahn-Teller) effects contribute to the
disagreement between the Franck-Condon simulation and the experimental spectrum.
Simulations of the 1-pyrazolide photoelectron spectrum are currently being carried out by
establishing a diabatic model Hamiltonian®” for the neutral states around the equilibrium
geometry of the anion ground state. This model Hamiltonian takes into account nonadiabatic

effects which are neglected in the Franck-Condon simulation in Figure 6.4. Parameterization
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Peak Label

Peak Position

B

Peak Position

Relative to peak A Relative to peak B
A —0.25+0.09 — —0.032 £ 0.001 eV
B —0.65+0.09 0.032 £ 0.001 eV —
C ~0.45+0.15 554+ 15cm’ 289+ 15 cm’!
D ~0.20+0.09 697 £ 15 cm™ 435+ 15cm’
E ~0.45+0.13 1016 =20 cm’ 754 +20 cm’
F ~0.30+0.12 1323 £20 cm™ 1060 + 20 cm™
Table 6.1 Experimental peak positions and anisotropy parameters for peaks appearing

in the photoelectron spectrum of 1-pyrazolide.
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He—_ N1\
c5 N2
Such 1-Pyrazolide 1-Pyrazolyl
H7 H6

Electronic State A ’A, ’B, ’B,
N—N Bonds (A) 1-2 1.3621 1.2750 1.4676 1.2396
N—C Bonds (A) 1-5/2-3 1.3491 1.4300 1.2991 1.3577
C—C Bonds (A) 3-4/4-5 1.4044 1.3861 1.4374 1.4051
C—H Bonds (A) 4-7 1.0853 1.0805 1.0816 1.0759

3-6/5-8 1.0824 1.0773 1.0813 1.0789

ZNNC (°) 1-2-3/2-1-5 107.89 108.34 107.53 111.54
ZNCC (°) 2-3-4/1-5-4 110.85 109.98 110.96 105.72
ZCCC (°) 3-4-5 102.52 103.36 103.02 105.48
ZHCN (°) 6-3-2 /8-5-1 120.36 119.63 121.39 122.04
ZHCC (®) 7-4-3 /7-4-5 128.74 128.32 128.49 127.26
Table 6.2 1-Pyrazolide and 1-pyrazolyl geometries obtained from

B3LYP/6-311++G(d,p) calculations.
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1-Pyrazolide 1-Pyrazolyl
Mode Symmetry A, A, ’B, ’B,
Frequency Frequency Frequency Frequency
(cm™) (cm™) (ecm™) (em™)
Vi a 3194 3269 3234 3285
V) a 3148 3235 3212 3243
V3 a 1471 1510 1521 1609
V4 a 1215 1390 1300 1391
Vs a 1127 1121 1054 1199
V6 a 1026 1007 924 1075
\Zi a 930 912 786 913
Vg a 756 835 859 794
Vo a 693 564 188 2861
V1o b, 785 860 882 863
Vi b, 696 700 705 765
Vi2 by 631 408 480 101
Vi b, 3151 3239 3216 3279
Vig b, 1404 1336 1477 1422
Vis b, 1363 1287 1283 1283
Vis b, 1165 990 1180 1161
Vi7 b, 1031 950 946 1039
Vis b, 914 599 539 627
Table 6.3 1-Pyrazolide and 1-pyrazolyl fundamental vibrational frequencies obtained

from B3LYP/6-311++G(d,p) calculations.



115

Experiment
500 - )
— “Aj Franck-Condon Simulation
E— 2B1 Franck-Condon Simulation

400
3
=
=
o
©
g 300
+~
Q
=
9]
S
2 200 A
<
~

100

O T T T T T m T
3.25 3.20 3.15 3.10 3.05 3.00 2.95 2.90 2.85
Electron Binding Energy (eV)
Figure 6.4 Franck-Condon simulation of detachment of 1-pyrazolide. The red curve is

the simulation for detachment to *A, 1-pyrazolyl, the blue curve is the
simulation for detachment to *B, 1-pyrazolyl.
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of the model Hamiltonian is accomplished with ab initio calculations using the equations-of-
motion coupled-cluster theory (EOMIP-CCSD).* ° The simulation reproduces the observed
spectrum very well and confirms the assignment of the origin peak is correct; that is, the
ground state of 1-pyrazolyl is *A, and *B; is the first excited state. Details of this simulation
procedure as well as the results of the simulation will be presented in a forthcoming paper.'

As explained before, the lower eBE portion of the spectrum in Figure 6.1 is attributed
to detachment from 5-pyrazolide. Figure 6.5 shows an expanded view of the lower energy
portion of the photoelectron spectrum of pyrazolide produced from the HO™ reaction with
pyrazole. The experimental conditions for this spectrum are virtually identical with those
from Figure 6.1, but with a longer data integration time. Table 6.4 lists the observed peak
positions of peaks labeled in Figure 6.5. Angular measurements yield an anisotropy
parameter of 0.35 & 0.05 for the features in Figure 6.5. DFT calculations were carried out to
obtain the optimized geometries and harmonic vibrational frequencies of the 5-pyrazolide
anion and 5-pyrazolyl ground states. The calculations find minima in C; symmetry for the
electronic ground states of both 5-pyrazolide (‘A") and 5-pyrazolyl (*A'). The optimized
geometries are listed in Table 6.4 and the frequencies are listed in Table 6.5. The DFT
calculations predict an EA of 5-pyrazolyl of 2.109 eV, very close to the experimental peak at
2.104 £ 0.005 eV.

Using these results, a Franck-Condon simulation was performed for the transition
from 5-pyrazolide to 5-pyrazolyl and is depicted in Figure 6.6, where the agreement with the
experimental spectrum is nearly perfect. This simulation utilizes a vibrational temperature of
400 K for the anion, and shows a small hot-band transition near a binding energy of 2.0 eV,
corresponding to one quanta of an in-plane C4-C5-N1 bending mode (vi3) of 5-pyrazolide;
the experimental frequency of this mode is 880 + 20 cm™. The Franck-Condon simulation

identifies the peak labeled a in Figure 6.5 as the band origin and also predicts three vibrations
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to be strongly active in the photoelectron spectrum, vg, Vo, and vi,. There is also some
activation of the v;; vibrational mode which does not become significant until higher
quantum numbers. This mode is very close in frequency to vy, and not resolvable in the
experimental spectrum. The experimental fundamental frequencies of 890 + 15, 1110 + 35,
and 1345 + 30 cm compare well with the vy,, vo, and v¢ DFT frequencies of 914, 1162, and
1372, respectively. These modes correspond to ring breathing, asymmetric C3-C4-C5
stretching, and C4-C5-N1 bending, respectively. The DFT computed atomic displacements
for these modes are depicted in Figure 6.7. Table 6.4 summarizes the assignments of the

5-pyrazolide photoelectron spectrum.

6.4 Discussion

As mentioned in the results section, the photoelectron spectrum of 1-pyrazolide
demonstrates noadiabatic effects in the low-lying electronic states of 1-pyrazolyl. This
subject will be discussed in detail elsewhere,'’ so only a brief, qualitative account will be
given here.

Comparing 1-pyrazolide with 1-imidazolide, the change in arrangement of the N
atoms in the 5-membered ring affects the energetic relationship between the highest occupied
molecular orbitals. In 1-imidazolide, the highest occupied m molecular orbital has b,
symmetry (within the C,, point group), and is mainly composed of C atom p orbitals. The
next highest occupied © molecular orbital of 1-imidazolide has a, symmetry, and has large
contributions from N atom p orbitals which stabilize this molecular orbital by a large amount.
This results in a °B; ground state and a >A, excited state for 1-imidazolyl radical with a large
energy separation between these two states. This large spacing leads to very small
nonadiabatic effects in the ground state around its equilibrium geometry, with little effect on

the photoelectron spectrum.
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Figure 6.5 351.1 nm magic angle photoelectron spectrum of 5-pyrazolide produced in

the reaction of HO™ with pyrazole.



119

Peak Position

Peak Label Relative to peak a (cm™) assignment
a* -880 =+ 20 13
a 0 0p
b 890 £ 15 12
c 1110 £ 35 9,
d 1345+ 30 6,
e 1780 + 20 127
f 1990 + 35 9,12,
g 2225 £35 6,12,
h 2665 + 25 12,
i 2990 + 50 9,122
j 3115 +25 6,12;
k 3555 +35 123
l 3790 £ 35 9,12,
m 4000 + 45 6,12;
n 4440 £ 35 12
0 4670 + 35 9,12,
p 4880 £ 35 6,125
Table 6.4 Experimental peak positions and assignments for peaks appearing in the

photoelectron spectrum of 5-pyrazolide (Figure 6.5).



H6

VRN
5 N2 5-Pyrazolide 5-Pyrazolyl
C4—C3
H8 H7
Electronic State ‘A ‘A

N—N Bonds (A) 1-2 1.380 1.363
N—C Bonds (A) 1-5 1.371 1.340

2-3 1.335 1.333
C—C Bonds (A) 3-4 1.414 1.417

4-5 1.412 1.374
C—H Bonds (A) 1-6 1.006 1.006

3-7 1.086 1.080

4-8 1.084 1.076
ZNNC (°) 1-2-3 101.7 104.4
ZNCC (°) 2-3-4 111.7 112.8
ZCCC (°) 3-4-5 108.5 102.2
ZCCN (°) 4-5-1 100.1 109.8
ZCNN (°) 5-1-2 118.1 110.8
ZNNH (°) 2-1-6 116.6 119.9
ZNCH (°) 2-3-7 118.9 119.1
ZCCH (°) 5-4-8 125.6 128.5

Table 6.5 5-Pyrazolide and 5-pyrazolyl geometries obtained from

B3LYP/6-311++G(d,p) calculations.
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5-Pyrazolide 5-Pyrazolyl
Mode Symmetry N 200
Frequency (cm™) Frequency (cm™)
Vi a' 3654 3676
V) a' 3175 3275
V3 a 3149 3232
V4 a 1492 1526
Vs a' 1391 1442
Vs a' 1348 1372
\Z] a' 1247 1317
Vg a' 1178 1261
Vo a' 1104 1162
Vio a' 1056 1048
Vi a' 1030 1038
Vi2 a' 922 914
Vi3 a' 901 886
Vig a" 840 884
Vis a" 753 770
Vie a" 696 670
Vi7 a" 650 572
Vis a" 527 440
Table 6.6 5-Pyrazolide and 5-pyrazolyl fundamental vibrational frequencies obtained

from B3LYP/6-311++G(d,p) calculations.
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With the N atoms adjacent in the 1-pyrazolide ring, the energetic relationship
between the two highest occupied m orbitals is changed. Figure 6.8 illustrates the
photodetachment process for 1-pyrazolide. Here, both the a, and b, orbitals have comparable
contributions from the p orbitals of the two N atoms, resulting in 7 orbitals which are very
close in energy. Thus the *A, and *B; states of 1-pyrazolyl, formed by electron detachment
from the corresponding orbitals of 1-pyrazolide, are nearly degenerate. Because they are so

close in energy, vibronic interactions of the pseudo-Jahn-Teller type'" '

(a.k.a. vibronic
coupling) between the two 1 states becomes significant around the equilibrium geometries of
both states. Therefore, Franck-Condon simulation based on the Born-Oppenheimer
approximation fails, as seen in Figure 6.4. The near-degeneracy might have prevented
observation of a clear electron spin resonance spectrum of 1-pyrazolyl radical in alkaline
aqueous solution.”” Further vibronic interactions arise from the participation of another
nearby electronic state, By, as shown in Figure 6.8. This three-state'® interaction will be fully
investigated in a forthcoming paper.'’

The change in the arrangement of the N atoms and, thus, the highest occupied
molecular orbitals also becomes apparent in the EA of 1-pyrazolyl radical. Since the highest
occupied molecular orbital has large contributions from N atom p orbitals, it is stabilized,
resulting in a larger EA for 1-pyrazolyl when compared with 1-imidazolyl (2.938 £ 0.005 eV
vs. 2.613 £ 0.006 eV).

Using Equation 2.3, the EA of 1-pyrazolyl can be combined in a thermodynamic
cycle with the pyrazole deprotonation enthalpy' (AuiaHy = 106.4 + 0.4 kcal mol™) to obtain
the pyrazole N—H bond dissociation energy: D, = 106.4 + 0.4 kcal mol”'. With the 298 K
heat of formation of pyrazole' [AiH,os(pyrazole) = 42.88 + 0.20 kcal mol'], and thermal

corrections from the DFT calculations, the heat of formation of 1-pyrazolyl radical can now

be determined using Equation 2.5: AgHaog(1-pyrazolyl) = 98.7 + 0.5 kcal mol™.
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In a similar way, the pyrazole C5—H bond dissociation energy can be obtained if the
pyrazole C5—H deprotonation enthalpy is available. The results described above indicate
that 5-pyrazolide was formed in the flow tube by HO™ deprotonation of pyrazole but it was
not formed in the flow tube when O™ or F~ was used as the deprotonation agent. This
observation allows bracketing of the pyrazole C5—H gas phase acidity between that of H,0’
(383.68 + 0.02 kcal mol™) and HO* (376.7 + 0.2 kcal mol™") or HF® (365.577 + 0.003
kcal mol™"). This yields a pyrazole C5—H gas phase acidity of A,iaGaos = 380 = 4 kcal mol™.
With thermal corrections from the DFT calculations, Equation 2.3 yields the pyrazole C5—H
bond dissociation energy: D, = 121 + 4 kcal mol™. Similar to above, the 5-pyrazolyl radical
heat of formation can be determined using Equation 2.5: AgH,es(5-pyrazolyl) = 113 £+ 4
kcal mol™.

Reaction 6.1 below shows proton transfer between 5-imidazolide and pyrazole to
form imidazole and 5-pyrazolide. The C5 proton acidity of imidazole was bracketed between
the acidities of H,O and HO, identical to that of the C5 proton of pyrazole described above,
resulting in identical gas phase acidities for the C5 protons of imidazole and pyrazole. Taft

1 1
16, 7

and coworkers developed an electrostatic mode to predict the difference in acidity

between different nitrogen heterocycles. This model predicts a difference in acidity between
the C5 protons of imidazole and pyrazole of zero. The DFT predicted free energy difference
for Reaction 6.1 is —3.5 kcal mol”. The observation of larger photoelectron intensities from
5-pyrazolide versus 5-imidazolide may also support the idea that the C5 position of pyrazole
is slightly more acidic than that of imidazole.

H
\

H H
\ \ \
@@/C4\ @H\ N —H Ho AN @Q@/m\ _H

N1—C2
/ \
H H

H

1=c2
/ \ /
H @ H H H

ArxnGhros = 0 % 6 kcal mol™ (6.1)



127

i iy J )
H\c5/C4\c3/H H\cs/CA\ca/H H\cs/C4\03/H Q%/m\ca/H
(O 07— 07 10
N1—N2 ;xn—N@ N1I—=N2 Nt—N
H -
R ¥ AvenGaog = 33.6 + 4.0 keal mol!  (6.2)

Reaction 6.2 represents proton transfer between pyrazolide and pyrazole to form
pyrazole and 5-pyrazolide. The large difference in acidity between the N1 and C5 positions
of pyrazole' can easily be recognized as arising from extensive conjugation in 1-pyrazolide
which is not present in 5-pyrazolide. In 1-pyrazolide, the negative charge is free to move
around the ring (see Figure 6.9); in 5-pyrazolide, however, the negative charge is effectively

localized on C5.

6.5 Conclusion

The photoelectron spectrum of 1-pyrazolide has been measured, and the EA of the
1-pyrazolyl radical is determined to be 2.938 % 0.005 eV, with a A, ground state.
Combining the EA in a thermodynamic cycle with the pyrazole N—H deprotonation
enthalpy, the N—H bond dissociation energy of pyrazole is determined to be 106.4 & 0.4 kcal
mol”. The photoelectron spectrum of 1-pyrazolide indicates non-adiabatic effects are
significant between low-lying states of 1-pyrazolyl, based on the poor agreement of the
Franck-Condon simulations with the experimental spectrum. A term energy for the
1-pyrazolyl first excited state (*B;) of 0.032 + 0.001 eV is also observed. The detailed
analysis of the vibronic structure of the 1-pyrazolide photoelectron spectrum will be given in
a separate paper.'’

The HO™ deprotonation of pyrazole yields a minor product ion, 5-pyrazolide, as
identified by Franck-Condon fitting of the photoelectron spectrum based on the results of
B3LYP/6-311++G(d,p) DFT calculations. The EA of 5-pyrazolyl radical is 2.104 = 0.005
eV. Fundamental vibrational frequencies of 890 £ 15, 1110 + 35, and 1345 + 30 cm’! have

been assigned to an in-plane CCN bending mode and two in-plane ring stretching modes,
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respectively of *A' 5-pyrazolyl. An extensive vibrational progression appears in the
spectrum, suggesting a substantial change in the CCN angle from the anion to the neutral.
This change in angle is corroborated by the DFT calculations. Formation of 5-pyrazolide is
not observed in the O™ or F~ reactions with pyrazole, which allows the gas phase acidity of
the pyrazole C5—H to be bracketed between the acidities of H,O and HO, yielding
AaciaGaos(pyrazole, C5—H) = 380 + 4 kcal mol”'. The EA of 5-pyrazolyl and the pyrazole
C5—H gas phase acidity are combined in a thermodynamic cycle to yield the C5—H bond
dissociation energy of pyrazole Dy = 121 + 4 kcal mol™. To more precisely determine a C5-H

bond dissociation energy, experiments on 1-methylpyrazole are currently underway.'®
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7 Vinyldiazomethyl Anion, C3H3N,”

7.1 Introduction

Formation of substituted and unsubstituted pyrazoles can be accomplished by

reactions of alkynes with diazomethanes."”

Both 1H- and 3H- pyrazoles are formed from
these reactions. Once formed, 1H-pyrazoles have very stable ring structures, due to their
aromatic character, but collision induced dissociation (CID) studies of 1-pyrazolide have
shown ring opening followed by rapid fragmentation." The ring opening typically results
from rupture of the N—N bond. Thermal ring opening of the non-aromatic 3H-pyrazole
compounds at a C—N bond to form vinyldiazo compounds has been known for quite some
time.> Ring opening is most likely when steric effects favor it, as well as when the resulting
vinyldiazo compound is stabilized by conjugation. These vinyldiazo compounds are often an

intermediate to loss of N, and formation of a vinylcarbene, followed by subsequent

cyclopropene formation.

I I H H
/ C\ H / C\ H é é
H c H c N 7N\ A
/ / H C H C
-C, oC / /
\ \ C— Ce
N N N / N /
\ A / /
N N N N
E-Vinyldiazomethyl  E-Vinyldiazomethyl Z-Vinyldiazomethyl  Z-Vinyldiazomethyl
Anion Radical Anion Radical

Bierbaum and coworkers succeeded in synthesizing deprotonated vinyldiazomethane
(the vinyldiazomethyl anion) in the gas phase in 1977.° The vinyldiazomethyl anion, a ring
opened isomer of pyrazolide and imidazolide, was synthesized in the flow tube here and its
photoelectron spectrum has been measured. The method used for its synthesis is briefly

reviewed, and is followed by a description of the experimental spectra obtained. DFT
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calculations suggest that two isomers of the vinyldiazomethyl anion should be formed in the
flow tube, but Franck-Condon simulations show that only one is formed in detectable
amounts. The thermodynamics of ring closure of vinyldiazomethane and the

vinyldiazomethyl anion are discussed.

7.2 Experiment

Vinyldiazomethyl anions are produced in a three step process by first reacting O~
with an excess amount of propene (C;Hg) introduced downstream of the microwave discharge
to produce HO™ in a hydrogen transfer reaction, similar to the reaction of O~ with methane:

O +CH, >HO +C,H, (7.1)
The propene which remains unreacted is deprotonated by HO™ to produce allyl anions
(GsHs)):

HO +C,H, > H,O0+C,H; (7.2)
A trace amount of nitrous oxide (N,O) is added further downstream, which reacts with the
allyl anions to produce vinyldiazomethyl anions (C;H;N,") and water:>®

N,O+CH; - C,H,N; + H,0 (7.3)
This method produces vinyldiazomethyl anion beams of ~200 pA. The laser wavelength
used for photodetachment of vinyldiazomethyl anion was 351.1 nm, and the absolute energy

scale was calibrated via the measurement of the EA of oxygen. In some experiments liquid

nitrogen was used to cool the flow tube to aid in cooling the ions.

7.3 Results

The 351.1 nm magic angle spectrum of the vinyldiazomethyl anion at 298 K is shown
in Figure 7.1. The spectrum shows two regions of detachment, one between binding energies

of 1.7 and 2.4 eV and one between binding energies of 2.4 and 3.4 eV. Angular distribution
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Figure 7.1 351.1 nm magic angle photoelectron spectrum of vinyldiazomethyl anion at
298 K. See Table 7.1 for assignments of labels.



Peak Label Relative Peak Position (cm™)

E-Vinyldiazomethyl

Assignment
B -414 20 12}
A 2179+ 15 13
1 0 0
2 189 + 10 13,
3 410+ 15 12
4 607 £ 15 12413}
5 818 +20 12413;
6 1030 + 25 12013,
7 1250 + 25 8,
8 1451 +25 8,13,
9 1687 + 30 8,12,
10 1868 + 30 4,
11 2051 + 35 4,13,
12 2273 +35 4124
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Table 7.1

Relative experimental peak positions and assignments for the peaks labeled

in Figures 7.1 and 7.2.
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measurements reveal different anisotropies for the different portions of the spectra. For the
lower binding energy region, £ = 0.0 + 0.1; for the higher binding energy region, = 0.52 +
0.06. This suggests that the two different regions correspond to detachment to two different
electronic states of vinyldiazomethyl radical.

The lower binding energy region shows resolvable vibrational structure, and the
tallest peak is assigned as the band origin, yielding an EA of 1.867 = 0.007 eV. Table 7.1
summarizes the relative peak positions for peaks labeled in Figures 7.1 and 7.2. The higher
binding energy region has a vertical detachment energy of 2.809 = 0.010 eV. It is very broad
and without clearly resolvable structure, indicating that there is a large geometry change upon
photodetachment to this state. It is not possible to precisely determine the band origin of this
state, but the term energy is estimated as 0.6 eV — near the region where the photoelectron
signals of this band begin.

To further aid in the assignments of the photoelectron spectrum, DFT calculations
were performed on the vinyldiazomethyl anion and vinyldiazomethyl radical at the
B3LYP/6-311++G(d,p) level.  Ground state geometry optimizations and frequency
calculations were performed which located E,Z isomers of the vinyldiazomethyl anion and
radical. Minima of C; symmetry were located for both isomers of the anion and the radical.
The optimized geometries are listed in Table 7.2 and the frequencies are listed in Table 7.3.
These radical states have a' (o) electronic symmetry, which is consistent with the anisotropy
observed for this portion of the spectrum. The E- and Z- labels reflect the positions of atoms
relative to the C3—C4 bond. The DFT calculations predict an EA for E-vinyldiazomethyl
radical of 1.869 eV and an EA for Z-vinyldiazomethyl radical of 1.872 eV. If formed in the
flow tube, both isomers are expected to contribute to the photoelectron spectrum.

Using the geometry and frequency results, Franck-Condon simulations were

performed for transitions from the E- or Z-vinyldiazomethyl anion to the E- or
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i I I
C5,
N 6 C5,
C5\ /H 6 HE /04 He \C4/H6
H8 Cc4 ch /
/ \NZ N
/
C3 ..M N
| E-Vinyldiazomethyl Z-Vinyldiazomethyl
N2
\ Anion radical anion Radical
N1
Electronic State A A A A
N1—N2 (A) 1.1690 1.1507 1.1671 1.1503
N2—C3 (A) 1.2654 1.2815 1.2670 1.2803
C3—C4 (A) 1.4243 1.4185 1.4298 1.4205
C4—C5 (A) 1.3629 1.3586 1.3668 1.3609
C4—H6 (A) 1.1009 1.0907 1.0925 1.0853
C5—H7 (A) 1.0853 1.0834 1.0864 1.0839
C5—HS (A) 1.0858 1.0836 1.0861 1.0848
ZNI1-N2-C3 (°) 186.77 189.98 173.15 169.88
ZN2-C3-C4 (°) 121.14 122.34 238.05 236.16
Z£C3-C4-C5 (°) 127.42 121.16 130.16 126.01
ZC3-C4-H6 (°) 116.86 119.94 114.10 115.32
Z£C4-C5-H7 (°) 121.01 121.27 120.86 121.01
/C4-C5-HS8 (°) 121.22 120.58 121.91 121.78
Table 7.2 E- and Z-vinyldiazomethyl anion and radical geometries obtained from

B3LYP/6-311++G(d,p) calculations.
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E-Vinyldiazomethyl Z-Vinyldiazomethyl

Mode Symmetry Alri(')n Ra;};al Aer(')n Raz(ic':al

Frequency Frequency Frequency Frequency

(cm™) (cm™) (cm™) (cm™)
Vi a' 3190 3244 3181 3230
) a' 3111 3146 3103 3161
V3 a' 2959 3095 3057 3136
V4 a' 2034 1955 2026 1951
Vs a' 1599 1540 1565 1542
\' a' 1465 1425 1460 1421
V7 a' 1353 1366 1395 1376
Vg a' 1290 1288 1287 1293
Vo a' 1109 1100 1074 1073
Vio a' 897 890 904 888
Vi a' 622 584 663 615
Vi2 a' 445 439 475 469
Vi3 a' 183 186 146 158
Vig a" 962 984 983 1003
Vis a" 718 945 714 928
Vie a" 626 635 620 566
Vi7 a" 566 477 580 484
Vig a" 138 137 205 198
Table 7.3 E- and Z-vinyldiazomethyl anion and radical fundamental vibrational

frequencies obtained from B3LYP/6-311++G(d,p) calculations.
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Expanded view of the 351.1 nm magic angle photoelectron spectrum of
vinyldiazomethyl anion at 298 K (black) and Franck-Condon simulation of
detachment of E-vinyldiazomethyl anion (red) and Z-vinyldiazomethyl
anion (blue).
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Z-vinyldiazomethyl radical. Figure 7.2 shows the Franck-Condon simulation of detachment
of E-vinyldiazomethyl anion (red) and Z-vinyldiazomethyl anion (blue), as well as an
expanded view of the experimental spectrum (black). To best match the appearance of hot
bands in the experimental spectrum, the simulation used a vibrational temperature for the
anions of 250 K. The simulations origin positions are set to match the DFT predicted EAs.
From Figure 7.2, it is clear that the spectrum matches the E-vinyldiazomethyl anion
detachment simulation nearly perfectly, with little indication of contributions from
Z-vinyldiazomethyl anion detachment. The most intense peak is confirmed to be the ground
state band origin, verifying the EA of E-vinyldiazomethyl radical as 1.867 + 0.007 eV.
Detachment of E-vinyldiazomethyl anion results in activation of four vibrational modes of
E-vinyldiazomethyl radical. The experimental fundamental frequencies extracted from the
spectrum of 189 + 10, 410 + 15, 1250 + 25, and 1868 + 30 cm™ compare well with the
corresponding DFT frequencies of 186, 439, 1288, and 1955 cm™, respectively. Peak
assignments are given in Table 7.1 and Figure 7.3 shows the relative atomic displacements

for the vibrations active in the photoelectron spectrum.

7.4 Discussion

The Franck-Condon simulation of vinyldiazomethyl anion detachment shows that the
photoelectron signals primarily originate from detachment of E-vinyldiazomethyl anion with
little contribution from the Z-vinyldiazomethyl anion. The relative intensities of the
experimental peaks labeled 1 and 2, however, do not match the relative intensities of the
simulation of E-vinyldiazomethyl anion detachment perfectly. Assuming that the total
photodetachment cross sections for E- and Z-vinyldiazomethyl anion are identical, if there is
a 1:1 ratio of E- and Z-vinyldiazomethyl anion present in the ion beam, the origin intensity of

the Z- isomer would be approximately twice that of the E- isomer. With ~7% of the Z-
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a' mode, 439 cm’!
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Relative atomic displacements and harmonic frequencies of normal modes of

E-vinyldiazomethyl radical evaluated at B3LYP/6-311++G(d,p) level.
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isomer present in the ion beam, the relative intensities of peaks 1 and 2 are better matched,
with only marginal effects on the other features of the spectrum.

Franck-Condon simulations to the excited states of the vinyldiazomethyl radical were
not performed here, due to the lower symmetry structures expected for these states. When C;
symmetry was imposed on m-type excited states of the E- and Z-vinyldiazomethyl radicals,
only transition states were found. Since the ground states of the E- and Z- vinyldiazomethyl
radical have C, symmetry, any non-planar geometries input into the electronic structure
calculations relax to the planar ground states regardless of the molecular orbital population
chosen. Time dependent DFT methods were attempted to calculate structures and
frequencies for the m-type excited states of the E- and Z-vinyldiazomethyl radicals; however,
the processing time required to complete these calculations was prohibitive.

The DFT calculations on the anions suggest that the E-vinyldiazomethyl anion is
more stable than Z-vinyldiazomethyl anion by ~1.8 kcal mol". For mostly
E-vinyldiazomethyl anion to be present in the ion beam suggests a significant barrier to
prevent the conversion between the two isomers. DFT calculations were performed to
explore the isomerization energetics. A structure of C; symmetry was located as the
transition state between the E- and Z- vinyldiazomethyl anion isomers. This transition state
was located approximately 8 kcal mol™ above E-vinyldiazomethyl anion. This barrier must
be large enough for preferential formation or stabilization of mostly the E- isomer in the flow
tube.

As mentioned in the introduction, 3H-pyrazoles are known to ring open to form
vinyldiazomethanes when heated.” Ring closure of deprotonated vinyldiazomethane, then, is
expected to form a deprotonated 3H-pyrazole. DFT was again used to explore the energetics
of such ring formation. C5 deprotonated 3H-pyrazole is the expected product of ring closure,

and a C, minimum was located for this ion, with an energy approximately 22 kcal mol™” above
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E-vinyldiazomethyl anion. A C; transition state was located between Z-vinyldiazomethyl
anion and C5 deprotonated 3H-pyrazole. This barrier was located approximately 46
kcal mol™ above E-vinyldiazomethyl anion. Such a large endothermicity and barrier suggests
it is nearly impossible to form a 5-membered ring anion from vinyldiazomethyl anion under
the current flow tube conditions. Figure 7.4 summarizes the potential surface points
computed for this proposed ring closure.

Vinyldiazomethane, though, is known to slowly isomerize to 1-H pyrazole under
room temperature conditions.” Ledwith and Parry'® and Hart and Brewbaker'" '* studied the
rate of cyclization and proposed a mechanism which involves 3H-pyrazole as an
intermediate. DFT calculations were again used to study the energetics of the ring closing
mechanism at various points along the reaction path, beginning with vinyldiazomethane and
ending with 1H-pyrazole. According to these calculations, E-vinyldiazomethane is slightly
more stable than Z-vinyldiazomethane (~0.6 kcal mol-1), with a barrier similar in height to
the deprotonated form (~8 kcal mol'). The barrier to ring closure and formation of
3H-pyrazole is larger, about 27 kcal mol'. Overall, production of 3H-pyrazole from
vinyldiazomethane is about 6 kcal mol™ exothermic. The barrier to shifting a hydrogen atom
from the pyrazole C3 to N1 position is similar to the ring closure barrier, about 27 kcal mol™
higher than 3H-pyrazole. It is ~29 kcal mol’' exothermic to form 1H-pyrazole from
3H-pyrazole. This large stabilization is presumably due to the aromatic character of
1H-pyrazole. These results seem to corroborate the experimental observation of slow
formation of 1H-pyrazole from pure vinyldiazomethane. Figure 7.5 summarizes the

computed potential surface points for this ring closure.
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7.5 Conclusion

The photoelectron spectrum of vinyldiazomethyl anion has been obtained and the EA
of vinyldiazomethyl radical is 1.867 £ 0.007 eV. Franck-Condon simulations indicate that
the E-vinyldiazomethyl anion isomer 1is primarily formed in the flow tube;
Z-vinyldiazomethyl anion is not formed in significant amounts to contribute to the spectrum.
Vibrational frequencies of E-vinyldiazomethyl radical are observed in the photoelectron
spectrum of 189 = 10, 410 + 15, 1250 + 25, and 1868 + 30 cm™. These modes respectively
correspond to C-C-N bending, C-C-C bending, C—C stretching and N—N stretching modes
of E-vinyldiazomethyl radical. =~ Comparing the vinyldiazomethyl anion photoelectron
spectrum with that of pyrazolide, there are no photoelectrons corresponding to detachment of
vinyldiazomethyl anion in the pyrazolide spectrum, nor are there photoelectrons
corresponding to detachment of pyrazolide in the vinyldiazomethyl anion spectrum. This
indicates that of ring closure in the vinyldiazomethyl anion and ring opening of pyrazolide
does not occur in the flow tube. Theoretical calculations suggest formation of pyrazolide in

the flow tube is virtually impossible under the experimental conditions.
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Figure 7.4 Reaction profile for ring-closure of vinyldiazomethyl anion. Potential

surface energies are relative to E-vinyldiazomethyl anion and are computed
at the B3LYP/6-311++G(d,p) level. Energies are in kcal mol™.
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8 2-Oxepinoxide, C¢HsO,™

8.1 Introduction

This chapter describes experiments performed measuring the photoelectron spectrum
of 2-oxepinoxide, CcHsO, in order to establish the EA of the corresponding neutral, the
2-oxepinoxy radical. The 2-oxepinoxy radical is believed to be an intermediate formed
during the combustion of benzene, as originally proposed by Carpenter. Theoretical
investigations on the oxidation of the phenyl radical® and unimolecular decomposition of the
phenylperoxy radical’ followed, both which include the 2-oxepinoxy radical as an
intermediate to the formation of cyclopentadienyl radical and CO,. These studies and another
theoretical report on the unimolecular decomposition of the 2-oxepinoxy radical® suggest that
the 2-oxepinoxy radical should be a stable intermediate formed during benzene combustion at
intermediate temperatures.

H \ / H

H H
2(3H)-Oxepinone 2-Oxepinoxide 2-Oxepinoxyl Radical

Recently, the gas phase acidity of 2(3H)-oxepinone was determined” as the first step
in a series of three experiments designed to establish the heat of formation of 2-oxepinoxy
radical. Determination of the EA of the 2-oxepinoxyl radical, reported here, is the second
step. Combination of the 2(3H)-oxepinone gas phase acidity with the 2-oxepinoxyl radical

EA in a thermodynamic cycle (as described in Chapter 2) will yield information about a C-H
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bond dissociation energy of 2(3H)-oxepinone. The third experiment in the series is the
calorimetric measurement of the heat of formation of 2(3H)-oxepinone. Combination of this
heat of formation with the bond dissociation energy of 2(3H)-oxepinone will yield the heat of

formation of the 2-oxepinoxy radical.

8.2 Experiment

2(3H)-Oxepinone was obtained from Carpenter and coworkers, prepared as described
previously,” and was introduced into the flow tube by flowing a stream of helium over the
liquid sample. Hydroxide ions, created using the microwave discharge ion source as
described in Chapter 2, were used to deprotonate 2(3H)-oxepinone yielding the desired
2-oxepinoxide anion as well as an unknown ion of m/z = 65. Stable ion beams of ~100 pA of
2-oxepinoxide were produced using this method. In some experiments, liquid nitrogen was
used to cool the flow tube, aiding in the cooling of the ions. In these experiments, slightly
less intense ion beams were formed (~50 pA). In all experiments, the laser wavelength used
for photodetachment was 351.1 nm and calibration of the absolute energy scale was

accomplished via measurement of the EA of oxygen.

8.3 Results

Figure 8.1 shows the room temperature 351 nm photoelectron spectra of
2-oxepinoxide anion with the laser polarization at the magic angle (black), 0° (blue), and 90°
(red) to the photoelectron collection axis. The spectrum consists of a broad photoelectron
band with several sharper features which show no indication of a pattern. The angular
measurements result in an anisotropy parameter, 5, of —0.18 + 0.07 at the peak of the broad
detachment signal at 2.254 = 0.010 eV.

DFT calculations were performed on the 2-oxepinoxide anion and 2-oxepinoxyl

radical to assist in the assignment of the photoelectron spectra, as previously outlined in
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Figure 8.1 351.1 nm photoelectron spectrum of 2-oxepinoxide at 300 K taken at the
magic angle (54.7°, black), parallel (0°, blue) and perpendicular (90°, red) to
the photoelectron collection axis.
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Chapter 2. The B3LYP method was used with the 6-31+G(d) basis set. Optimized
geometries and harmonic vibrational frequencies were obtained for the ground states of the
anion and neutral and are listed in Tables 8.2 and 8.3. For the 2-oxepinoxide anion, a
minimum with non-planar structure (C; symmetry) was obtained. For 2-oxepinoxyl radical, a
minimum with planar structure (C; symmetry) was obtained. These calculations predict an
EA of ~1.76 eV, close to the region of the experimental spectrum where the photodetachment
signals begin.

With the anion having C; symmetry and the neutral having C; symmetry, all 33
vibrational modes are allowed in the photoelectron spectrum. Large normal mode
displacements are expected for the out-of-plane bending vibrations of the neutral, which
should result in an extended vibrational progression for these modes. Franck-Condon
simulations using the optimized geometries and frequencies were attempted, but, due to the
large number of allowed and active vibrational modes (all 33 modes were found to be active),
meaningful results have not been obtained.

For the Franck-Condon simulations described in previous chapters, a “cutoff” value
of 0.001% of the origin intensity was used. This means that transitions whose intensities
were less than 0.001% of the origin were omitted from the simulation. At this cutoff level,
the 0 K Franck-Condon simulation of 2-oxepinoxide photodetachment is outside of our
processing capabilities. Larger cutoff values were used successfully, however. Figure 8.2
shows the 0 K Franck-Condon simulation of 2-oxepinoxide detachment with cutoff values of
100%, 10%, and 1% of the origin intensity. In all of these simulations, the origin was given
an intensity of 100 counts and a position matching the DFT computed EA (1.7567 eV). From
the simulations, a clear trend is visible, with the rightmost portion of a particular simulation
being a good approximation to a simulation with a smaller cutoff value. Simulations with

even smaller cutoff values (0.1% and 0.01%) also show that this trend continues.



Table 8.1

2-Oxepinoxide Anion

g p Coordinates
%ﬂ
X Y Z
Cl -0.4781 -1.4879 0.1423
C2 1.2816 0.1290 -0.0017
C3 0.4982 1.2974 0.1631
C4 -0.8864 1.4688 -0.0920
C5 -1.6714 -0.8540 0.2329
C6 -1.8983 0.5253 -0.1191
o7 2.4944 -0.0069 0.1861
08 0.6015 -1.0107 -0.5814
H9 -0.3080 -2.4750 0.5772
HI0 1.0827 2.1851 0.3978
HI11 -1.2043 2.5097 -0.2142
HI12 -2.4856 -1.4144 0.7016
HI13 -2.9254 0.8641 -0.2534
2-Oxepinoxyl Radical
o ;T: L Coordinates
X Y V4

Cl -0.7059 -1.5087 0.0000
C2 1.3026 0.0000 0.0000
C3 0.6116 1.2847 0.0000
C4 -0.7354 1.5911 0.0000
C5 -1.7956 -0.6875 0.0000
C6 -1.8434 0.7292 0.0000
o7 2.5086 -0.0924 0.0000
08 0.6223 -1.2322 0.0000
H9 -0.8346 -2.5859 0.0000
H10 1.3234 2.1037 0.0000
HI1 -0.9649 2.6554 0.0000
HI12 -2.7454 -1.2168 0.0000
HI13 -2.8284 1.1871 0.0000

2-Oxepinoxide anion and 2-oxepinoxyl radical geometries in Cartesian

coordinates obtained from the B3LYP/6-31+G(d) calculations.
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2-Oxepinoxide 2-Oxepinoxyl
Mode Mode | Symmetry
Frequency (cm™) Frequency (cm™)
% 3160 Vi a' 3228
% 3142 Vs a' 3220
V3 3126 V3 a' 3205
\ 3091 W a' 3185
Vs 3074 Vs a' 3170
\% 1692 Ve a' 1786
\% 1648 \Z a' 1617
Vg 1571 Vg a' 1558
Vo 1506 Vo a' 1480
Vio 1415 Vio a' 1453
Vi1 1401 Vil a' 1418
Vi2 1267 Vio a' 1345
Vi3 1239 Vi3 a' 1268
Vig 1199 Vig a' 1215
Vis 1053 Vis a' 1094
Vis 1031 Vis a' 1049
Vi7 954 Vi7 a' 951
Vig 930 Vig a' 892
V19 907 Vig a' 801
Vago 865 Va0 a' 696
V21 825 V21 a' 509
\'%%) 746 \'%%) a' 421
V23 724 V23 a' 359
Va4 702 Vg a" 992
Vas 682 Vos a" 941
Vag 653 Vas a" 851
Vo7 577 Vo7 a" 795
Vag 508 Vag a" 739
Vay 420 Vag a" 640
V30 478 V30 a" 536
V31 346 Vi a" 376
V32 191 V3o a" 133
V33 115 V33 a" 73
Table 8.2 2-Oxepinoxide anion and 2-oxepinoxyl radical fundamental vibrational

frequencies obtained from B3LYP/6-31+G(d) calculations.
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Figure 8.2 Franck-Condon simulation of 2-oxepinoxide 351.1 nm photodetachment at 0
K with a cutoff level of 100% (black), 10% (blue), and 1% (red) of the origin
intensity. The position of the origin is indicated by the green line. The
experimental spectrum is overlaid in grey.
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Figure 8.3 shows Franck-Condon simulations performed at 300 K to explore the
effects of hot band transitions. Again, cutoff values of 100%, 10%, and 1% of the origin
intensity were used, with an origin intensity and position identical to that used for the 0 K
simulations. With a cutoff value of 100%, the simulation is identical to that at 0 K, indicating
that all hot-band transitions have smaller Franck-Condon factors than that of the origin. The
simulations with cutoff values of 10% and 1% clearly show how significantly the hot-band
transitions affect the spectrum. Inclusion of these hot-band transitions increases the

computation time dramatically, however.

8.4 Discussion

Unfortunately, as can be seen in Figures 8.2 and 8.3, there is no indication of
convergence of the simulation with the cutoff level as small as 1%. Franck-Condon
simulations at 0 K with cutoff levels of 0.1% and 0.01% also show no indication of
convergence. Without a reasonable Franck-Condon simulation, another method is needed to
allow for the determination of the EA of the 2-oxepinoxyl radical. By estimating the
difference between the DFT computed vertical detachment energy (VDE) and EA and
applying that difference to the experimental VDE, an approximate experimental EA may be
determined.

At the B3LYP/6-31+G(d) level, the computed EA is 1.7567 eV and the VDE is
2.0792 eV; the difference between these two values is 0.3225 eV. Figure 8.4 shows
hypothetical potential energy curves for the 2-oxepinoxide system illustrating these energy
differences. Applying this difference to the experimentally observed VDE of 2.254 + 0.010
eV results in an EA of approximately 1.931 eV, near the region of the spectrum where the
detachment signals start. This estimation is somewhat consistent with the 300 K Franck-
Condon simulations where the EA is slightly higher in energy than the start of the

photoelectron signals. To better estimate the difference between the VDE and EA,
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Figure 8.3 Franck-Condon simulation of 2-oxepinoxide 351.1 nm photodetachment at

300 K with a cutoff level of 100% (black), 10% (blue), and 1% (red) of the
origin intensity. The position of the origin is indicated by the green line.
The experimental spectrum is overlaid in grey.
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calculations with the larger 6-311++G(d,p) basis set were performed, yielding an EA of
1.8166 eV and VDE of 2.1353 eV, for a difference of 0.3187 eV. Applying this difference to
the experimental VDE yields an EA of 1.935 eV. With the aug-cc-pVTZ, the EA computed
in this way is 1.918 eV.

As shown in the earlier chapters in this dissertation, DFT often predicts radical EAs
extremely well. Table 8.3 summarizes the experimental and DFT electron affinities. With an
average absolute error of 0.017 eV, B3LYP with the 6-311++G(d,p) basis set is expected to
predict the EA of 2-oxypinoxy quite accurately. Considering this and the above discussion of
the VDE and EA differences, we assign the EA of the 2-oxepinoxyl radical as 1.85 + 0.10 eV.

With the EA of the 2-oxepinoxyl radical, it is possible to obtain the bond dissociation
energy of 2(3H)-oxepinone using the methods outlined in Chapter 2. From the literature,’ the
298 K deprotonation enthalpy of 2(3H)-oxepinone is 352 + 2 kcal mol”. Using thermal
corrections from the DFT calculations, A,¢fy = 350 + 2 kcal mol ™. Combining this with the
EA from above yields a bond dissociation energy of Dy = 80 + 3 kcal mol”'. This value is
close to the B3LYP/6-311++G(d,p) computed D, of 74 kcal mol™.

Several sharp features extend beyond the broad congested photodetachment signal
which have a slightly different anisotropy. Since the deprotonation enthalpy’ of
2(3H)-oxepinone is 352 + 2 kcal mol” and that® of H,O is 390.27 + 0.03 kcal mol”, the
reaction of 2(3H)-oxepinone with hydroxide is exothermic by ~38 kcal mol™. Such a large
exothermicity could fragment the ring structure, and such an isomer of 2-oxepinoxide may be
the signal carrier for these sharp features. Experiments using F~ as the deprotonation agent of
2(3H)-oxepinone are currently underway to help determine if these features originate from
such an ion. Observation’ of an ion with m/z 65 formed in the reaction of 2(3H)-oxepinone
with hydroxide indicates that the ring structure may not stay intact. Unimolecular

decomposition of 2-oxepinoxide could form CO, and a mass 65 ion with molecular formula



158

CsHs™.  Photoelectron experiments on this ion indicate the structure is not that of

cyclopentadienide but most likely an open chain isomer.

8.5 Conclusion

The photoelectron spectrum of 2-oxepinoxide anion reveals that there is a large
geometry change upon photodetachment, indicated by a broad congested spectrum with no
discernable structure with a VDE of 2.254 + 0.010. Franck-Condon simulations based on
DFT computed geometries and frequencies also show that a broad spectrum is expected. The
Franck-Condon simulations fail to reproduce the experimental spectrum within a reasonable
amount of time to allow for precise determination of the EA of 2-oxepinoxyl. In spite of this
difficulty, the EA of 2-oxepinoxyl radical is assigned as 1.85 £ 0.10 eV from the estimation
of the difference between the EA and VDE. This combines with a previously reported gas
phase acidity of 2(3H)-oxepinone to establish the bond dissociation energy of

2(3H)-oxepinone to be 80 = 3 kcal mol™.
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Figure 8.4 Potential energy curves illustrating the B3LYP computed vertical detachment
energy (VDE) and electron affinity (EA). The top values were computed
using the 6-31+G(d) basis set, the middle values using the 6-311++G(d,p)
basis set and the bottom values using the aug-cc-pVTZ basis set.
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Experimental B3LYP EAcxp —
Radical EA Basis Set EA EAgsiyp
(eV) (eV) (eV)
Cyclopentadienyl 1.812 £0.005 6-311++G(d,p) 1.763 0.049
Pyrrolyl 2.145+0.010 6-311++G(d,p) 2.116 0.029
1-Imidazolyl 2.613 £ 0.006 6-311++G(d,p) 2.592 0.021
5-Imidazolyl 1.992 £ 0.010 6-311++G(d,p) 1.986 0.006
1-Pyrazolyl 2.935 £ 0.005 6-311++G(d,p) 2.945 -0.010
5-Pyrazolyl 2.104 £ 0.005 6-311++G(d,p) 2.109 -0.005
E-Vinyldiazomethyl 1.867 £ 0.007 6-311++G(d,p) 1.869 -0.002
2-Oxepinoxyl — 6-31+G(d) 1.757 —
2-Oxepinoxyl — 6-311++G(d,p) 1.817 —
2-Oxepinoxyl — aug-cc-pVTZ 1.779 —

Table 8.3

Experimental and B3LYP computed electron affinities.
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9 Summary and Conclusions

9.1 Introduction

There has recently been interest in homonuclear polynitrogen compounds as high
energy density materials.'” One polynitrogen species, N5, was experimentally detected
through collision induced dissociation electrospray ionization mass spectrometry® and laser
desorption ionization time-of-flight mass spectrometry’ of substituted p-phenylpentazoles.
Theoretical studies suggest that N5~ is a stable 5-membered ring compound, pentazolide.®”
Its decomposition into azide anion (N3 ) and N, is predicted to be exothermic by 14-16
kcal mol™, and the heat of formation of pentazolide is predicted9 to be Ao = 62.1 + 3.6
kcal mol!.  Determination of these thermodynamic values through experiments is
challenging, considering the difficulty in synthesis of pentazolide. Unequivocal synthesis or
observation of pentazole (NsH) has not yet been reported.'

The pentazolide anion is isoelectronic with the other 5-membered ring anions
described earlier in this dissertation (cyclopentadienide, pyrrolide, imidazolide, and
pyrazolide). By examining the systematic substitution of N atoms into the 5-membered ring,
it may be possible to predict some of the properties of pentazole/pentazolide/pentazolyl
radical through extrapolation of the experimental values described in previous chapters.

This chapter summarizes the previous chapters and makes the extrapolations
discussed above based on similarities and trends observed in the experimental data. Since
most of the compounds discussed in this dissertation are isoelectronic (with the exception
C¢Hs0,, discussed in Chapter 8), it is expected that these trends may provide useful
predictions for the properties of other isoelectronic species yet unobserved (such as the

triazole and tetrazole systems) in addition to Ns~. Insights into potential experimental or



163

theoretical difficulties which may arise in the collection and interpretation of these data are

also discussed.

9.2 Electron Affinities

Electron affinities of the S5-membered ring radicals cyclopentadienyl, pyrrolyl,
I-imidazolyl and 1-pyrazolyl were determined wusing negative ion photoelectron
spectroscopy. Their values are 1.812 £ 0.005, 2.145 + 0.010, 2.613 £ 0.006, and 2.938 +
0.005 eV, respectively. Figure 9.1 displays the electron affinity of these radicals as a function
of the number of nitrogen atoms in the ring. Also displayed are B3LYP/6-311++G(d,p)
computed electron affinities for 1,2,3-triazolyl, 1,2,4-triazolyl, and tetrazolyl. As a first
approximation, these data are used in a linear regression to predict an EA for the pentazolyl
radical of ~4.6 eV. Vertical detachment energies of 5.7 and 5.6 eV have been previously
predicted for pentazolide.” "'

DFT predicts the EAs of the 1,2,3- and 1,2,4- triazolyl radicals to be 3.39 and 3.48
eV, respectively. The EA of tetrazolyl is predicted to be 4.16 eV. Notice that these energies
are close to or greater than the photon energy used in these experiments of 3.408 or 3.531 eV.
It is expected that experiments on these systems will require a higher energy photon to allow
for determination of the EA of these radicals.

Electron affinities of other species were also determined, including isomers of
1-imidazolyl and 1-pyrazolyl. The EAs of these carbon centered radicals, 5-imidazolyl and
S5-pyrazolyl are 1.992 + 0.010 and 2.104 + 0.005 eV, respectively. The EA of
vinyldiazomethyl radical, a ring opened isomer of these isoelectronic species, was also found
to be 1.867 = 0.007 eV.

The EA of the 2-oxepinoxy radical was not precisely established in this dissertation.
A large geometry change upon photodetachment of the 2-oxepinoxide anion strongly

activates all vibrational modes of the radical in the photoelectron spectrum, resulting in a
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Figure 9.1 EAs of the 5-membered ring radicals with the corresponding number of

nitrogen atoms in the 5-membered ring. The black points are experimental
values and the red points are DFT calculated EAs. The solid line is a linear
regression fit of the data to a line, and the green point is the EA predicted for
pentazolyl radical from the extrapolation.
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highly congested spectrum with little indication of the position of the band origin. Despite
difficulties in simulating the spectrum, an EA of 1.85 £ 0.10 eV was assigned. DFT
calculations predict an EA for the 2-oxepinoxyl radical of 1.82 eV at the

B3LYP/6-311++G(d,p) level.

9.2 Bond Dissociation Energies and Heats of Formation

Bond dissociation energies were established for several of the 5-membered ring
parent compounds for breaking a C—H or N—H bond using a thermodynamic cycle
combining the gas phase acidity of the parent compound with the EA of the radical. Figure
9.2 displays the N—H bond dissociation energy as a function of the number of nitrogen
atoms in the ring. The N—H bond dissociation energies of pyrrole, imidazole, and pyrazole
are 93.92 + 0.11," 95.1 + 0.5 and 106.4 + 0.4 kcal mol". N—H bond dissociation energies
for 1,2,3-triazole, 1,2,4-triazole, and tetrazole were computed at the B3LYP/6-311++G(d,p)
level and are also shown in Figure 9.2. A linear regression of the data suggests the N—H
bond dissociation energy of hydrogen pentazole (NsH) is ~114 kcal mol™.

For two of these heterocyclic compounds, imidazole and pyrazole, C—H bond
dissociation energies were determined by combining the EAs of the corresponding radicals
with the C—H gas phase acidity determined via bracketing observed in the photoelectron
spectrometer. The carbon-5 proton on both imidazole and pyrazole is acidic enough to be
deprotonated by HO™ but not acidic enough for deprotonation by O, resulting in identical gas
phase acidities of A,.iqGags = 380 £ 4 kcal mol”. The EAs and gas phase acidities combine to
give C5—H bond dissociation energies of 119 + 4 and 121 + 4 kcal mol™ for imidazole and
pyrazole, respectively. The C—H bond dissociation energies of cyclopentadiene and
2(3H)-oxepinone, also determined using a thermodynamic cycle, are 80.6 + 2.3 and 81 + 3

kcal mol™, respectively.
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N—H bond dissociation energies of the 5-membered heterocyclic
compounds as a function of the number of nitrogen atoms in the 5-membered
ring. The black points are the experimental data, and the red points are DFT
computed values. The solid line is a linear regression fit of the data to a line,
and the green point is the N—H bond dissociation energy predicted for
hydrogen pentazole from the extrapolation.
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Comparison of the bond dissociation energies determined here can reveal the relative
stability of the different radical species. Cyclopentadiene, with the smallest C—H or N—H
bond dissociation energy, is expected to have the most stable radical formed upon breaking
this bond. This radical will be followed in stability by the pyrrolyl radical, the 1-imidazolyl
radical and the 1-pyrazolyl radical. The carbon radicals 5-imidazolyl and 5-pyrazolyl are
likely to follow this.

Comparing the heats of formation of these radicals can verify this simple argument.
From the bond dissociation energies and the heats of formation of the parent compounds, "
the radical heats of formation can be determined. The 298 K heat of formation of the
cyclopentadienyl radical is 64.6 + 2.7 kcal mol™'. The 298 K heat of formation of the pyrrolyl
radical'? is 69.15 = 0.35 kcal mol'. The 298 K heats of formation of 1-imidazolyl and
1-pyrazolyl are 76.2 £ 0.6 and 98.7 + 0.5 kcal mol”, respectively. The 298 K heats of
formation of the carbon radicals 5-imidazolyl and 5-pyrazolyl are 100 + 4 and 113 + 4 kcal

mol™, respectively. Figure 9.3 summarizes these values.

9.3 Electronic and Vibrational Structure

Aside from the thermodynamic parameters discussed above, electronic and
vibrational structure of the neutral species can be extracted from the anion photoelectron
spectra. The photoelectron spectrum of the high-symmetry 'A,' cyclopentadienide anion
reflects the presence of Jahn-Teller interactions in the doubly degenerate ‘E,"
cyclopentadienyl radical. The spectrum is dominated by an intense origin band, but
vibrational bands corresponding to the Jahn-Teller active vibrations are clearly observed.
Additionally, unexpected vibrational bands appear in the spectrum, and are assigned to non-
totally symmetric modes which gain intensity due to strong off-diagonal coupling. Since the
pentazolide and cyclopentadienide systems are isoelectronic and of the same symmetry (Ds;,),

it is expected that, if bound, pentazolyl will exhibit similar electronic and vibrational structure
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as the cyclopentadienyl radical, with a spectrum dominated by the band origin and Jahn-
Teller active vibrations.

With the maximum symmetry lowered from Ds, to C,,, Jahn-Teller interactions are
not present in the pyrrolyl, 1-imidazolyl, and 1-pyrazolyl systems. Franck-Condon
simulations do, however, show that these systems are not free from non-adiabatic effects, and
the spectra show interesting effects attributed to vibronic coupling between low lying
electronic states. In pyrrolyl, the ground state features are well resolved but the vibronic
coupling effects cause the first excited state to appear broad and featureless. This is due to
transformation of the expected potential energy minimum into a transition state."* In the
1-imidazolyl system, however, the vibronic coupling effects are minimal and the spectrum of
the electronic ground state appears very Franck-Condon like. A small unexpected feature
appears in the spectrum and is assigned to an overtone of an in-plane non-totally symmetric
vibration, gaining intensity from a Fermi-Resonance which is affected by vibronic coupling."”

The photoelectron spectrum of 1-pyrazolide shows the ground and first excited states
of 1-pyrazolyl to be very close in energy. Franck-Condon simulations on these states fail to
reproduce the experimental spectra, with two peaks missing which are experimentally
observed and the intensities of most other vibrational bands severely overestimated. The
second electronic excited state further complicates the spectra and is transformed into a
transition state by the vibronic coupling effects with the ground and first excited states.
Simulations which take the nonadiabatic effects into consideration predict the spectrum very
well, allowing for confident assignments of the vibrational features observed.'® '’ It is
expected that the photoelectron spectrum of the 1,2,3-triazolide, 1,2,4-triazolide, and
tetrazolide anions may also have analogous vibronic coupling effects, which may cause
difficulties in assignment of the spectra.

The photoelectron spectra of the isoelectronic 5-imidazolide and 5-pyrazolide are

reproduced nearly perfectly by the Franck-Condon simulations. Several vibrational features
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are observed in the spectra which correspond primarily to in-plane ring distortion or ring
breathing vibrations of the corresponding neutral radicals. Franck-Condon simulations of the
vinyldiazomethyl anion detachment show that the spectrum originates from the
E-vinyldiazomethyl anion isomer, with little or no indication of Z-vinyldiazomethyl anion

formation in the flow tube.

9.4 Future Work

Photoelectron spectra of one more S-membered heterocyclic ion, 1,2,3-triazolide, are
being obtained in another of Professor Lineberger’s laboratories. Once finalized, the EA of
the corresponding radical and the parent N—H bond dissociation energy can be added to the
extrapolations performed here to lend additional support to the predicted properties of the
pentazole system.

Experiments on N-methyl substituted imidazolide and pyrazolide are being
performed on the photoelectron spectrometer used here to obtain the EA of the C5-methyl-
imidazolyl and CS5-methyl-pyrazolyl radicals. = These measurements, coupled with
corresponding measurements of the C5—H gas phase acidities will allow for a precise
determination of the C5—H bond dissociation energies of these compounds.'® Assuming the
methyl substitution is only a small perturbation, this will provide a useful comparison to the
C5—H bond dissociation energies obtained for imidazole and pyrazole; preliminary results
indicate this to be the case.

Continuing the investigation of heterocyclic compounds, experiments are planned on
the 6-membered rings which are isoelectronic with benzene (pyridine, pyrimidine, etc).
These experiments will provide EAs, bond dissociation energies, and heats of formation for
these systems, which at present are not well known. Additionally, all of the experiments
which are planned or currently in progress will reveal vibrational structure of the unstable

radical species formed from the photodetachment of the closed shell anions.
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