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This thesis describes research on the electronic propertiesitroblkane anions,
CH;(CH,),NO; (where n=0,1,2,and 3), using a newly built velocity-map imaging
photoelectron spectrometer. The nitroalkanes are an intriguing alasolecules that possess
many similarities owing to the dominating presence of theo mgioup. They all possess
relatively low adiabatic electron affinities, large dipole mategand undergo similar distortions
(largely localized within the nitro group) upon electron attachméiite focus of the studies
presented in this thesis is quantitatively characterizingtfl@and neutral states, determining
fundamental molecular properties (i.e., adiabatic electron @&8nibond dissociation energies,
vertical detachment energies, etc.), and highlighting some ohtbeesting dynamics that the

nitroalkane anions can exhibit using photoelectron spectroscopy.

The first two studies present the photoelectron spectra of nitnametand nitroethane
anions. As these molecules are small enough to be tractaldeniore involved theoretical
analysisab initio theory and Franck-Condon simulations were utilized to simulate agwpriet
the photoelectron spectra. In order for the simulations to achiewk agreement with the
experimental spectra, additional efforts were directed atackerizing the torsional potentials of
the methyl and ethyl groups and predicting the contribution of torsior@lon to the
photoelectron spectra. These investigations led to new assignfoetite adiabatic electron

affinities, the first observation of their dipole-bound states in phatiwete spectra, and



determinations of th€-NO, bond dissociation energies for the nitromethane and nitroethane

anion.

The third study presents the photoelectron spectra of nitropropane and nitrobutase a
Each of these molecules possesses a number of stable anion andcoatdrahers. Ab initio
theory and Franck-Condon simulations were employed to identify pessdmformations
responsible for the dominant features in the photoelectron spé&atrally, an anomalous feature
belonging to a separate photoelectron emission pathway was etntifithe photoelectron
spectrum using spectra obtained at different photon energies anghhaouanalysis of the

angular distributions.

The nitroalkane anions possess adiabatic electron affinities rthatnaaller than the
transition energies of their fundamen@i stretching modes. As a consequence, excitation of
one of these modes will lead to vibrational autodetachment thatilisatad by intramolecular
vibrational excitation. The last study presents vibrational autcli@nt photoelectron spectra
of the nitromethane anion. The spectra were analyzed using Isewepée models to extract
some of the important underlying information regarding the intramaegidrational relaxation

occurring prior to vibrational autodetachment.
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the v¢(CHs) resonance (symmetric methyl stretch) with the energglamization model (solid
red line, see text). The model has been normalized to the exptirdata at the 0-eV feature.
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Figure 7.6 — Comparison of the experimental VAD spectrum (corthempen circles) of
CH3NO, on thevg(CHs) resonance (symmetric methyl stretch) with the densitstates (full

line) in neutral CHNO,. The DOS has been normalized to the experimental data ateftie O
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Figure 7.7 — Comparison of the experimental VAD spectrum (solik biae) of CHKNO, on
the v(CHz3) resonance (symmetric methyl stretch) with the partiatloanization model (solid
red line). The model has been normalized to the experimental data at the 0-&)/.featur 155

Figure 7.8 — Comparison of the experimental VAD photoelectrontrspéconnected open
circles) belonging to the/'s(CHs) (symmetric methylene stretch, left panel) angCHs)
(antisymmetric methylene stretch, right panel) modes ofsNCH  with the partial
randomization model (full lines). The dashed line in both spectradprasentation of the full
energy randomization model. The models have been normalized to thienexyal data at the
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1 Introduction

It has been almost forty years since the first laser photddetnt study of a molecular
anion was performet.Since that time, the field of gas-phase anion research has espande
immensely. The relative ease with which anions can be clautrah electric fields, the
increasing sophistication of laser technology, and the advanga®ducing gas-phase anions
have made the molecular anion an ideal molecular laboratory thdieeasused with great

success to elevate our understanding of chemical phenomena.

In the field of gas-phase anion chemistry, it would be difficutiverstate the importance
of photoelectron spectroscopy. Its relatively simple premiséeha#self to constant adaptation
and improvement which have allowed this technique to stay relevanead the best means of
investigating anions. Photoelectron spectroscopy provides a semsiive of the geometries
and the electronic structure of the anions and their neutral coumdergad can yield
fundamental properties such as the molecular adiabatic elecfnoityafvhich in turn can be
used to find bond energies (provided the other relevant thermochemteakm@a knownj.
Beyond this, many other interesting facts can be learned abaablenseutral molecules or
clusters if they are stabilized as anions. In this vein, photoatespectroscopy has served as a
powerful technique to study radicdi3which often form stable anions, or to study transition
states on the neutral potential energy surface which aresddeeBom an anion or anionic

cluster®®

In the work presented here, we employ a newly built velocap-imaging photoelectron
spectrometer to investigate nitroalkane anidis (CH,),NO; wheren =0,1,2,and 3. The

nitroalkanes are all colorless oily liquids under standard conditionshvane primarily used as



fuel additives (all of the species are known explosives), solventsasopharmaceutical
precursors. The similarities in their structures and pr@sedtems from the dominating
presence of th&0, group. In the neutral species, the nitro group gives rise t@e dipole
moment, which has been shown using Rydberg electron transfer Sttfdiesupport a dipole
bound state for the lower nitroalkanes, nitromethane and nitroethakeditionally, the
nitroalkanes have generated interest since the barrier to rotation for thy anetlethyl group of
the lower order nitroalkanes is negligible, leading to sufficreation in this mode at moderate
temperature$™ *? This has led to several studies that have focused on the marwleich the
orientation of the nitro group, relative to the alkyl group, affectsvibetions of the molecule
and subsequently influences vibrational energy redistribtitionthese known explosives. In
regards to the anions, all of the species adopt a similar ggoatetnt the nitrogen as the excess
electron is largely localized on the lowest unoccupied moleouldtal centered on the-orbital

of the nitrogen atom which drives the planar geometry into anaigpyramidal configuration.
In turn, the localization of the electron makes the adiabatit¢reteaffinity relatively invariant

to the size of the alkyl chain. Vibrational spectroscopy styskeformed by Schneidet al®
have indicated that the electron affinity is less than 2500 fon the different alkyl chain
lengths. This property leads to an uncommon situation in which the funddr@éhstretching
modes have energies in excess of the adiabatic electrortyaff Excitation within the mid-
infrared region can lead to two distinctly different processe®mping the photodetachment. If
a photon interacts with the anion at a non-resonant frequency themeleah be photodetached
immediately as an electronic excitation of the detachingirele. But if the anion interacts with
a photon at a vibrationally resonant frequency, this can lead to aaitadatransition which will

be followed by electron emission facilitated by intramolecuibarational relaxation. Each of



these processes will leave distinct “footprints” on the photoelesjpentrum. The former will
yield a conventional photoelectron spectrum while the latter wdlvé a signature of the

intramolecular vibrational relaxation occurring prior to photoemission.

This thesis discusses photoelectron spectra of the nitroalkamres astitained at photon
energies away from the influence of any vibrational frequendesvéntional photoelectron
spectroscopy) and at vibrationally resonant frequencies. Chaptiirf2ovide an overview of
the theory governing photodetachment and the information that can be edcdrom
photoelectron spectroscopy as these ideas form the foundation ofaggia Chapter 3 will
describe the instrument used to create the anions, isolate the ahiaterest and acquire the
photoelectron spectra. Chapters 4, 5, and 6 will discuss conventional pttoboelgpectra
obtained for the nitroalkane anions. Chapter 4 gives an account of thes sandi simulations
performed on the nitromethane anion that have led to the determinatioa efectron affinity,
the observance of a dipole bound state and identification of much ofktstiomal structure
within the spectrum. Chapter 5 focuses on the photoelectron spectraimani@tions of
nitroethane anion that also yielded the adiabatic electron affinity andgbevahce of the dipole
bound state. Chapter 6 concentrates on the spectra of nitropropane @imgtant anions as
well as the simulations performed to identify the conformerddiyig the experimentally
determined electron affinity. Chapter 7 will focus on the photoelectpectra obtained at
vibrationally resonant photon energies of the nitromethane anion anenpresme simple

models to describe the results.
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2 Anion Photoelectron Spectroscopy

If an anion interacts with a photon with energy in excess of ithdinty energy of the
electron, photoelectron emission can occur. The conservation of eequgses that the emitted

photoelectron has an energy that can be written as

Equation 2.1

EKE = h(l) - EBE

where Exy represents the photoelectron’s kinetic enekyy, represents the binding energy of
the electron or ] more accurately! the energy difference between the initial and final molecular
states, andw is the energy of the photodetaching radiation. As the neutral melesakining
after photoemission is much heavier than the emitted electronaitgmod approximation to
neglect the kinetic energy imparted to the nedtrAls a consequence, the photoelectrons can be
analyzed as a function of kinetic energy, at a fixed photon enerdya ahotoelectron spectrum
may be constructed as a function of the electron binding enerlgg. piotoelectron spectrum
encodes a wealth of information pertaining to the neutral ompatates, such as geometrical
changes that the molecular frame undergoes upon photoemission, theseoktige electronics
states of the neutral, the vibrational spacing within eachrefec band, and the adiabatic
electron affinity of the neutrdl.®> In addition to the kinetic energy of the emitted electron, the
angular distribution for photoemission can be obtained as a function kintitec energy. The
photoelectron angular distribution is primarily used to extractimédion about the nature of the
detaching orbital of the anion. The following sections will higflithe principles that govern

the shape of a photoelectron spectrum and as a consequence, form the foundatiamefgsigs a



2.2 Selection Rules

The selection rules for photodetachment govern what electronis sffatiee neutral can
be accessed, the acceptable orbital angular momenta of the oupdmitggelectron, and the
manner in which the overlap of the vibrational wavefunctions modthatentensity within a
particular electronic transition. As the final state in photodet@nt involves an unbound
electron, the selection rules are slightly different from o#lectronic spectroscopic methods.
The following rules are for single photon photodetachment involving onealeatithin the

electric dipole approximation.

The spin selection rules require that the total spin of themsys conserved. As the
electron will carry away its spin angular momentum the spih@fésulting neutral must differ
from that of the parent anion &S = +1/2 upon electron loss. This offers the perfect
complementary tool to optical electronic spectroscopy, in whictspire selection rule strictly
forbids a change in multiplicity. This is one example of mamywhich photoelectron
spectroscopy provides a valuable means of investigating the pespEra neutral molecule that

are difficult to attain otherwise.

The orbital selection rules specify the allowed outgoing wavegh®rphotodetached
electron. As in electronic spectroscopy, the photon will imparuaiteof angular momentum to
the electron resulting in a selection ruleAdf= +1 relative to the initial orbital for the outgoing
wave? ® In atomic systems this leads to a situation in which detauhfren ap orbital results
in outgoings- and d-waves. For molecular systems, in which the electronic orbrgllar
momentum is no longer a good quantum number, the outgoing electron wavefisnassamed
to transform like a member of the irreducible representatioheofymmetry group of the anion

and the allowed symmetries of the outgoing electron may bevde&at by the direct product of



the irreducible representations ¢f, g, and;, which represent the outgoing electron’s
wavefunction, the dipole moment operator, and the wavefunction of thet matetal in the
anion, respectively. The allowed symmetries of the outgoing electron will yaeliirect product
which contains the totally symmetric representation. The odmtattion rules will be revisited

later, as the weighting of the outgoing waves is strongly modified by thdelsives.

An analysis of the transition moment integral, which leads to feetsm rules presented
above, does not yield vibrational selection rdleRather, it leads to the terfy,|ip,-), where
Y, represents the vibrational wavefunction of the neutral appdrepresents the vibrational
wavefunction of the anion. This term serves to strongly modify rikensity profile of an
allowed electronic transition as a function of the overlap of the tidi@ wavefunction of the
anion and the neutral molecule. The absolute square of this [{@rplp,+)|?, is called the
Franck-Condon factor. Since it plays an important role in understaradly photoelectron

spectrum, a more complete discussion of its ramifications will be given below.

2.3 Threshold Laws

The intensity profile of photoelectron spectra acquired at photon esejggt above
electron detachment threshold are strongly modified by threshetd lsVignef first illustrated
the generality of the threshold rules, in which the longesterantggraction of two reacting
particles dictates the energy dependence of the cross-seatigghotbdetachment from singly
charged anions, the reacting particles are the neutral core amidtdwhed electron, and the
longest range interaction is either the anisotrdpic? potential of a molecular dipole or the

£(£ + 1)/r? centrifugal potentia.



Considering the simplest case of an atomic anion first, in whiehldngest range
interaction is the centrifugal potential, Wigner’s l&whow that the near-threshold cross section

for photodetachment is given by

Equation 2.2

£+1/2
0 (Exg) « ELEY

where Ex is the kinetic energy of the photoelectron ahd the angular momentum of the
outgoing electron. Wigner’s threshold law is exact at thé& binthreshold but for larger kinetic
energies a power series expansionFEig; is necessary to account for the shorter-range
interactions. The dependence of the cross section on the angulantaomof the outgoing
electron is a consequence of the centrifugal barrier. Ariretecear threshold will have to
tunnel through this barrier which is larger for electrons withdaemngular momentum. This, in
turn, favors the production of electrons with the lowest angular momeneéar thresholdi. As
was discussed earlier, photodetachment from abital results in an outgoing or d-wave.
However, if the photodetachment is performed near thresholditvave will be strongly

suppressed resulting in an almost psr&ave detachment with a cross-section at threshold

proportional toE,%EZ.

An extension of Wigner’s threshold law for molecules (without a dipobment) was
derived by Reed et al.who outlined a procedure to determine the leading term for the cross
section. The procedure begins with determining the allowed symemef the outgoing
electrons, as outlined above for the orbital selection rules. 8iacgpherical waves of a given
angular momentum can be assigned to irreducible representatiosgntimetry corresponding

to the spherical wave with the lowest angular momentum is t&géz give the leading term in
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the cross section. This is a very powerful approach in moleculbs higher symmetry;
unfortunately, there is no simple way to accurately predictctbes section at threshold for
systems of low symmetry, as there are very few symmesirictions on the nature of the

outgoing wave.

Further complications exist when a dipole is present. In this, ¢heelong-range
interaction will be the sum of the centrifugal and dipolar poteatia as a result, the leading
term of the near-threshold expansion of the cross section will bdiesodirhe manner in which
the dipole modifies the leading term is difficult to predict, las orientation relative to the
emitted electron becomes important. In addition, near threshold ttieoerl&vill depart on time
scales comparable to the rotational period of the molecule, whithmaie the cross section
sensitive to the rotational motion perpendicular to the dipole mdinémalyses of the near-
threshold cross section of the nitroalkane anions discussed in this dheglifficult, since they

all have significant dipoles and are of low symmetry.

2.4 Anisotropy Parameters
The anisotropy characteristics of the photodetachment offer insighthe symmetry of
the parent orbital in the anion. The photoelectron angular distribdtioasone-photon process

with linearly polarized light are described by the funcfion,

Equation 2.3

I(E,0) = % [1+ B(E)P,(cosb)]
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where 6 is the angle between the laser polarization and the emissioe, angd the total
detachment cross sectigh,is the anisotropy parameter and varies within the limits @b -2,
and P,(cos @) = 1/2(3cos? 8 — 1) is the second-order Legendre polynomial. The anisotropy
parameter completely defines the angular distribution and is adorgtthe angular momentum
of the contributing partial waves and the interference that occtweé&e them. Given the low
symmetry of the nitroalkane anions it is difficult to extractaded information regarding the
parent orbital or identify the interfering partial waves diied) a particulas. But despite these
limitations, the anisotropy parameter can still provide usefalrinétion. At very low kinetic
energies, the threshold analysis of Reedl? indicates that one partial wave will dominate over
the contributions of others. Consequently, the beta parameter kinketic energies can be used
to get a sense of the identity of the leading term governghtteshold law. Finally, large or
abrupt changes in the beta parameter can be used to identify phtvtoed originating from
different electronic states since the variation of the amiggtparameter should be smooth for a

given parent state.

2.5 Franck-Condon Factors

The Franck-Condon factors are given by,

Equation 2.4

FCF = |, [$hy)]?

where ,, represents the vibrational wavefunction of the neutral #pd represents the

vibrational wavefunction of the anion. The validity of the Franck-©@onfactors is based on
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several approximations. The first approximation is that the electronictivansiobability is not

a function of the nuclear coordinates. This is typically a good ajppati®n since the transition
probability is a slowly varying function of the nuclear coordinat&econd, within the Born-
Oppenheimer approximation it is expected that the electronicticankappens on a much faster
time scale than the nuclear motion. As the nuclei arectefédy frozen, the most probable
vibronic transition will occur between the two states in which thelaweof the vibrational

wavefunctions is greatest.

The effect of the Franck-Condon principle is most easily seethenexample of
photoemission from a diatomic anion approximated as a harmonic ascilatit has only one
vibrational mode. In an effort to highlight the impact of certaimpesters on the photoelectron
spectrum, several scenarios are discussed. In the first exahmkhape of the neutral potential
(i.e., force constant) is varied relative to the anion potenliak second example discusses the
effect of changing the equilibrium displacement of the neuglative to the anion, and lastly,
the significance of including vibrationally excited anion stéhes bands) is considered. Figure
2.1 illustrates the effects of the first two scenarios. Ifetpeilibrium distance of both potential
energy curves is the same, the overlap of the initial and fibehtional wavefunctions will be
greatest for the transition to the ground state of the neutieé $ihe vibrational wavefunctions
are very similar. In this scenario (i.e., no displacement),itiams to the other vibrational states
(v, < vo") only occur if the force constant (i.e., shape) of the neutirakeds different from that
of the anion. If this is the case, tbe < 0 transitions may become active in the spectrum, given
the overlap of the even wavefunctions. The- 0 transitions can only become possible if the

potential curve is anharmonic.
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Displacement of the neutral potential energy curve leads to subbtaativity in
transitions to higher-lying vibrations as the anion vibrational ground state watiefubegins to
achieve the greatest overlap in the classical turning pointeeoexcited vibrational states.
Additionally, it is important to note the diminished intensity of the- 0 transition,
corresponding to the adiabatic electron affinity. If thereaisubstantial difference in the
equilibrium distance of the anion and neutral molecules, this \aidl te substantial difficulties
in identifying the adiabatic electron affinity. If the temgtere of the system is sufficiently high,
excited vibrational states of the anion will be populated. Thiteekstates will create additional
progressions or hot bands that are interspersed in the progressied érea the ground state.
This gives rise to great difficulty in locating tAe— 0 transition, as it is necessary to identify the

contributions from the hot band and the ground state before an accurate assignment can be mad
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Figure 2.1 — A representation of two scenarios. Ehscenario on the left involves photodetachment which
there is no displacement but the force constant cinges. The scenario on the right depicts a displatent
without a change in the force constant.

In a polyatomic system, the difficulty in interpreting the speuatis compounded by the

large number of vibrational modes. For a molecule Witaitoms, which is not linear, there will
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be 3N — 6 vibrational modes. If the vibrational modes are well represerdedneoupled,

harmonic oscillators the vibrational wavefunction can be written as,

Equation 2.5

Yy, = l/)vl Qv - l/)vz (@) - ¢v3N_6 (Q3n-6),

where(,, represents the normal coordinate of #ffenormal modée? If the vibrational normal
modes are preserved in the photoelectron emission, the Franck-Conados ¢act be expressed
as a product of the overlap of each normal mode since the vibratianalfunctions will still be
orthogonal. However, the geometry changes that occur during photoelesnission are
typically accompanied by a change in the normal coordinates. Thsmleaon was first noted
by Duschinsky:* he suggested the transformation could be described accordhme ftdlowing

equation,

Equation 2.6
Q”:]”Q, + K"

whereK" is the normal coordinate displacement vector in the basis oifottmeal coordinates of
the anion and” is the Duschinsky rotation matrix which describes the mixinghefrtormal
coordinates®  Additionally, Duschinsky outlined some general conclusions that aare
consequence of symmetry consideratitnsFirst, a common symmetry group is found to
describe both the anion and the neutral. If a normal coordinate ignamigtric with respect to
some symmetry element, then the displacement of that modeis Ekis leads to little activity
in the nontotally symmetric modes since, with no displacementdtiee transitions must be
even transitions dtn < 0 or facilitated by anharmonicity. The second result is that moimal

modes that behave identically under all symmetry operationsmidl As a consequence,
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normal modes belonging to the totally symmetric group will mig, vall the nontotally

symmetric normal modes belonging to the same symmetry groups.
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3 Experimental Apparatus

3.1 Overview
The experimental apparatus may be divided into four parts: ion soumeepftflight

mass spectrometer, light source, and photoelectron spectrometerardotieated in a pulsed
supersonic entrainment ion source and directed into the accelergjion of a time-of-flight
mass spectrometer. The ions are mass-selected within #eftifight mass spectrometer and
injected into the interaction region of a velocity-map-imaghgtoelectron spectrometer. The
mass-selected ion beam is intersected with either the tuoalyeit of an infrared optical
parameter converter or 532 nm radiation generated from the skaomdnic of a Nd:YAG
laser. The nascent photoelectrons are then accelerated intighhéube of the photoelectron
spectrometer and mapped onto a position sensitive imaging deteatorinfizge is digitized by
a CCD camera and collected until a sufficient signal-toenaiatio is achieved for a
photoelectron image. Each part of the instrument will be dbestrin more detail in the

following sections, see Figure 3.1 below for a schematic overview of the iesttum
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Figure 3.1 — Schematic diagram of the instrument sl for a photoelectron spectroscopy study.

3.2 lon Source

Anions are created in an electron impact plasma generated insedpsilipersonic
expansion. Over the last two decades, this type of ion sourcpréwen a successful and
reliable way to create molecular anidné.Central to the success of this technique, is the
efficient attachment of slow electrons to many neutral modséuSlow-secondary electrons are
produced from the injection of high energy electrons (~ 1 kV) into thie density region of a
supersonic expansion of an inert gas, such as argon. The ionizatioypofpaoduces slow-
secondary electrons that will remain in the expansion while thedrigrgy electrons continue
through the expansion, leaving a trail of slow-secondary electrohs tdchnique produces a
sufficient density of slow secondary electrons in the expansioryialttd a neutral plasma that

circumvents issues arising from space-charge limits associatedhaitged beanfs.

The electron bombardment of a supersonic expansion serves as a well-suited environment

for anion formation; however, there are several approaches to introdineiagion precursors of
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interest into the expansion. Perhaps the most obvious means of introducdral molecule
(or anion precursor) into the expansion is by expanding a gas eixfhis approach can be
used, but the composition of the expansion mixture is difficult to coaganany molecular
precursors readily adsorb onto the walls of the gas finsnore precise means of introducing
the anion precursor and controlling the nature of the expansion igetkalsing supersonic

entrainment.

Supersonic entrainment is a hydrodynamic process, first charact and extensively
studied by Campargufein which a gas in the vicinity of the high density region of an esioa
efficiently penetrates the boundary of the expansion and is readibrporated into the
supersonic flow. Practically, this is achieved by admittimg anion precursor, prior to the
creation of the supersonic expansion, into an entrainment reactsethiaes as a “holding area”
which allows sufficient gas densities to build up in the vicinitytha main expansion nozZe.
When the supersonic expansion is created, the anion precursor iseshiraithe expansion

where it may cluster with the argon gas and subsequently form temporarye eyz:
Equation 3.1

XY e Ar, +e” = [XY™ o Ar,|*

The transient negative anion may undergo simple autodetachment, buhtaggstingly it may
be stabilized by dissociative electron attachment, evaporatidreairgon atoms, or collisions
with background molecule®/|:

Equation 3.2

(XY~ e Ar,]" > X~ ¢ Ar,, + Y + (n — m)Ar
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Equation 3.3

[XY™ e Ar,]* - XY~ ¢ Ar,,, + (n — m)Ar

Equation 3.4

[XY™ e Ar,]* + M - XY~ ¢ Ar, + M

While the supersonic expansion provides cooling, particularly in thdiomdéh degrees of
freedom, numerous studies have revealed that the vibrational temgerathe anions formed
within the expansion is governed primarily by evaporation. As resemuence, the binding
energy of the most weakly bound species will dictate the uppérfor the internal energy of a
cluster> > Cooler ion temperatures can be achieved by optimizing sourceionadib favor

the production of target anions solvated by moderately large dudtargon atoms, which have
binding energies of ~500 ¢hAr. This is accomplished using relatively low pressures of the

anion precursors to ensure that most collisions are between molecules and argon atom

3.2.1 Implementation

A schematic diagram illustrating the supersonic entrainment iorcesaarshown in
Figure 3.2. The entrainment ion source is located within thega ramber pumped by a 2000
L/s diffusion pump (BOC Edwards Diffstak) and a 1000 L/s turbomoleq@ueanp (Turbovac,
1000C, Leybold) that maintain a background pressure of sevéfahtiér. The source consists

of three independently controlled solenoid valves, an entrainment reactor, andran gleat
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e (800 eV)

|| } Entrainment Reactor

Pulsed Valves

Entrainment ~ Even-Lavie Valve  ppyainment

Valve 1 for Argon Valve 2
Expansion

Figure 3.2 — Schematic diagram of the entrainmeniin source. The source has the capability to entraitwo
gases. However, all of the studies within this tlsés utilize only one entrainment valve.

The electron gun continuously produces a beam of high-energy eledypitslly
accelerated to a kinetic energy of 800 eV. The beam is couojesgating to the main
expansion and is directed by several electron optics elemetits tagh-density region of the
expansion. The experiment is operated at 20 Hz repetition réee sequence begins when the
pulsed solenoid-actuated valves flanking the main expansion (Seriesrl@&r FHannifin
Corporation, General Valve Division) admits the anion precursors @festt into the
entrainment reactor. Following this, a supersonic expansion of ngam &99.9999%) is
generated. As the argon jet dictates the character oéxip@nsion, a more precise valve is
desirable. To achieve these ends, we employ an Even-Lavieczdable of a backing pressure
of up to 100 bar (typically operated at 14 bar) and very short opamieg {~25 us). The large

backing pressure allows us to maximize cooling from the supersgpansion while the short
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opening times make it possible to maintain a relatively low backgl pressure during
operation (around several 160 10° mbar). The neutral plasma that is generated expands freely
between the repeller and extractor of our Wiley-McLaréme-of-flight mass spectrometer
which is oriented perpendicularly to the expansion. The source conditions are apfonizeld-
anion creation through varying the amplitude of each gas pulse, #iwgdiming of each gas
pulse, the path and intensity of the electron beam, and the timitige ohass spectrometer’s

extraction pulse.

3.3 Time-of-Flight Mass Spectrometer

The instrument is equipped with a Wiley-McLateime-of-flight mass spectrometer.
The plasma created in the ion source is injected directlthet@cceleration region of the mass
spectrometer. A high voltage pulse is applied to the repellegotor, and ground electrodes,
accelerating the anions to a kinetic energy of ~ 3.5 keV. The [®gmded by xy-deflectors
into a differentially pumped stage pumped by a 230 L/s turbomolecular pumpdPiéift) 261
P) with an operating pressure of several ttbar. The differentially pumped stage is equipped
with an additional pair of xy-deflectors and an Einzel lensgbate to direct and focus the beam
through the time-of-flight. The flight tube is pumped by a 520 ufbdamolecular pump

(Pfeiffer TMU 521 YP) and kept at an operating pressure of sevefahb@r.

The anions will separate during the flight as a function of theissato-chargen{/q)

ratio.
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Equation 3.5

t X

<3

Due to the finite volume of the anions in the acceleration regionoiotiee same mass will be
accelerated to slightly different kinetic energies. All iohshe same mass-to-charge ratio will
arrive at the same time at one point in the flight path; this mtafihes the space focus of the
mass spectrometer. The ratio of the accelerating eldtits in the Wiley-McLareh setup

determines the position of the space focus.

The instrument currently has two operational modes: one is usedréxtehnae the ion
source and perform infrared photodissociation spectroscopy studiestinhiteher is used for
photoelectron spectroscopy. In the first mode, the anions actedinato a two-stage reflectron
(R.M. Jordan Company); the space focus of the reflectron isrednt® a dual microchannel
plate detector in a chevron configuration coupled to a conical anodenfatetection. The
detector output is monitored as a function of time to obtain a npessrem. The reflectron
nearly doubles the flight path and serves as an energy focusinge deliich substantially

increases the resolution of the mass spectrometer, defined as

Equation 3.6

m t

R=—=—.

Am  2At
For this mode, the resolution is R~800. Procedurally, ion sourceipgtiom is achieved by
adjusting source conditions in order to maximize the intensity géJargon solvated clusters

containing the anion of interest, ensuring that the overall temperature optresen is low.
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Once the source has been optimized for the production of relativelyoosldthe second
mode is used. The beam is directed through the electrically groundedoeflattwhich point a
pulsed mass gate can be used to transmit only the ions of int€hestnass gate is operated by
applying +150 V across a deflection electrode, a voltage sufficient teeckethe ion beam into
the chamber walls. When the anion of interest is in the vicinithe@imass gate the voltage is
pulsed to0 V allowing an unimpeded flight into the photoelectron spectrometdre niass-
selected beam is passed through a 5 mm aperture as it crbsseakrashold into the
photoelectron spectrometer chamber. The beam is then passed #mdtiglzel lens that serves
to focus the anion beam to several millimeters within the photodetathregion of the
photoelectron spectrometer. The mass resolution in this mode is RAE5Me photoelectron
spectrometer is oriented perpendicular to the path of the ion hbangnions continue and
impinge on a dual microchannel plate in the chevron configuration coupked anode. The
detector signal can be measured on a digital oscilloscope to ecgumass spectrum.
Alternatively, a retarding voltage may be applied to a grid dyréctfront of the detector such
that photoneutrals generated in the photoelectron spectrometer magniiered; this detection

scheme is important for maximizing the signal in the photoelectron spetérome

3.4 Laser System

Near-threshold photodetachment experiments are performed with théetongiut of an
optical parametric converter (LaserVision). A schematic diagof the light source is displayed
in Figure 3.3. The system consists of a Nd:YAG pump laseop#inal parametric oscillator
(OPO), and an optical parametric amplifier (OPA). The Nd:YA@Enp laser (Innolas Spitlight

600) produces a linearly polarized, ~7 ns pulse with a typical output &b mJ/ pulse at a
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wavelength of 1064 nm. The pump beam is directed by a seriemeahgtoptics and through a
beam splitter; one-third of the beam is frequency-doubled in a potasganyl phosphate
(KTP) crystal while the remaining two-thirds is directedotigh a delay before being used to
pump the OPA. After the OPA, the residual 1064 nm radiation is reimbyea longpass
dichroic mirror while the 532 nm radiation is used to pump the two BEfBtals within the

linear cavity of the OPO. Conservation of energy requires,

Equation 3.7

20)}) = Wg + wy,

wherewp, wg, and w,; are the frequencies of the pump, signal and idler, respectivelgle-An
tuning of the KTP crystals is used to modulate phasematching amsdftr the desired output
wavelengths.  The current setup allows for continuous tuning ofghal svave from710 —
885 nm, corresponding to a range betw@830 — 2120 nm for the idler wave. At the present
time, a polarizer is used to filter out the signal wave withen®@PO cavity. After this stage, as a
safety precaution the idler wave is passed through a half-vedgeqich that the polarization is
rotated to permit angle-tuning of the OPA crystals within thazbotal plane. The OPA
consists of four potassium titanyl phosphate (KTP) crystalsdtaeand the 1064 nm radiation
are superimposed and directed through the KTP chain. Differezapeeficy mixing generates

mid-infrared radiation fron2200 — 4500 cm* according to,

Equation 3.8

W\jd-IR = Wp — Wy.
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Following the OPA, a dichroic mirror is used to remove the resitd@l nm radiation. Of the
co-propagating vertically-polarized mid-infrared radiation and horalyapolarized idler

radiation, a beam is chosen using a polarizer.

The vertically-polarized mid-infrared radiation is directed talsaa twisted periscope
which flips the radiation to a horizontal polarization. Before leam is admitted into the
photodetachment region, a Brewster “stack of plates” polarizerseésl to ensure a clean,
horizontal polarization. Following this, a lens focuses the beanthatphotodetachment region
of the photoelectron spectrometer. Irises are placed at tlenemiand exit of the photoelectron
spectrometer chamber. The beam is centered on each iris to ensure reprodgicibeEnabf the
laser beam in the photoelectron spectrometer, as the focus ahdigeng spectrometer is
sensitive to the vertical (as defined by the imaging spectesindlight tube) position of the
detachment region. The optical parametric converter is caiblat analysis of the signal wave
with a fiber optic spectrometer (Ocean Optics), which iscaied to the emission spectrum of
an argon discharge. As the bandwidth of the fiber optic spectronget2rcim and the
bandwidth of the optical parametric converter is 2'owe estimate a 3 cfresolution of the

system.
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Figure 3.3 - Overview of the IR OPO/OPA tunable ligpt source.

OPA (4x KTA)

\

27

Polarizer

Mid-IR
2200 cm-'-4500 cm-1

Higher-energy photoelectron studies are performed using the radiatieragpe from the

second-harmonic of the Nd:YAG laser. In this case, the beameidati by steering optics and

frequency doubled within a KTP crystal. The co-propagating 532 whi@® nm radiation is

directed into a Pellin-Broca prism, where the angle of incielelscadjusted to select the
wavelength that is transmitted to the photoelectron spectrom@tee. beam is then directed
through several prisms before reaching a half-waveplate usexdate the polarization to the

horizontal plane, as is required by the photoelectron experimentllyFith@ beam is passed

through a converging lens which focuses the light into the photodetachewon rof the

photoelectron spectrometer. The beam is aligned within the photoalegectrometer using

irises (mentioned above).



28

3.6 Velocity Map Imaging Photoelectron Spectrometer

3.6.1 Photoelectron Image Acquisition

The photoelectron imaging spectrometer is based on the destge dfneberger and
SanoV' ® groups and utilizes the velocity-map imaging technique pioneereBppjnk and
Parker” '° The details of the photoelectron spectrometer are as follus. spectrometer is
housed within an '8six-way chamber and oriented perpendicularly to the plane ddingae
ion and laser beams. The chamber maintains a typical operatissupe of several Tombar
and is pumped by a 520 L/s turbomolecular pump (Pfeiffer TMU 521 YiRg photoelectron
spectrometer consists of a set of imaging optics and a dgibrmr terminated by a position
sensitive detector. The imaging optics consist of three, 1 timok, oxygen-free-high-
conductivity (OFHC) copper plate electrodes with diameters of h@8 which are evenly
spaced by 25 mm and coated with a thin surface of colloidal geaphlie three electrodes are
designated the repelleVy), the extractor ), and ground {;), whereV, < Vy; <V;. The
extractor and ground electrodes each have 20 mm diameter holesthehibpeller electrode is
a solid plate. The stack of imaging optics is encapsulated dgdwcentric p-metal cylindrical
cups (1 mm thick) with four 25 mm apertures permitting the passatte odn and laser beams
through the interaction region of the photoelectron spectrometer. nilealad p-metal is a soft
magnetic material that provides shielding from stray magfietds. The boundary between the
imaging optics and the drift region is defined by the groundedretec The drift region is a
150 mm field-free flight tube (as defined from the ground electiadehe face of the
microchannel plate) shielded by two concentric, 1 mm thick p-roglialders. The drift region
is terminated by a position sensitive detector. A schematiesentation of the spectrometer is

given in Figure 3.4 below.
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Figure 3.4 — Schematic diagram of velocity map imang photoelectron spectrometer.

The mass-selected anion beam is collimated by a 5 mm aperture and focasdsifzel
lens into the detachment region. The photodetachment region is defirtheé byerlapping
volume of the mass-selected anion beam with the laser beam whlobated between the
repeller and extractor electrodes. The overlap of the two bisamenitored by the generation
of the photoneutrals as described at the end of section 3.3. gha¢ isi optimized by adjusting
the focus of the Einzel lens and steering optics directingbt#sen into the photoelectron
spectrometer; additionally, the timing of the laser beam pslséjusted to ensure overlap with
the most intense part of the anion bunch. The simple geometry defirtbé bnaging optics
creates an inhomogeneous field within the photodetachment region.ielthadts to focus all
nascent photoelectrons with the same initial velocity, irrespeofitieeir initial position within
the detachment plane, to the same location on the position sensitectode The large
insensitivity of the origin of the photoelectron within the detachment plane tsoehiaes this as

velocity map imaging: *° The location of the imaging-optics’ focal plane is determingthb
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ratio of the repeller to extractor voltagés,/V;. This plane must be empirically optimized to
coincide with the face of the detector. This is achieved in a brute-force mggioni in which an
initial estimate of thé/y/Vy ratio is obtained from a simulation (performed with the Simion
charged particle optics simulator, Version 7) and fine adjustnerite ratio are inferred from
the peak width of well-defined transitions in an atomic photoelespectrum, typicall\§~, as

iterative adjustments are made. In the current setup, the ratio is

Equation 3.9

Ve
— =0.721;
Vg

however, if any adjustments are made in the laser beam height, the ratiaweitbhbe adjusted.

The photoelectrons are accelerated by the electric fielthe atetachment region into the
field-free drift tube and are projected onto the front face pbsition sensitive detector. The
position sensitive detector consists of two microchannel platesawitittive area of 40 mm, in
a chevron configuration followed by a fiber optic P-47 type phosphor s¢Bete Electro-
Optics, Inc.). The front face of the detector, i.e., the fackeofitst michrochannel plate, is kept
at ground. The back face of the second microchannel plate isl frdeea voltage of 1100 V to
2000 V in a 5 ps window centered on the photodetachment event; sinceirthis galy
appreciable at the greater voltage, the noise in the photoelectage isigreatly reduced. The
front face of the phosphor screen is held at a voltage of 5000 \& phbsphorescence is
digitized by a charge coupled device (CCD) camera (UNIQ UP-61689x694) mounted just

above the phosphor screen and housed in a shroud to eliminate any ambient light.

Each image is acquired and analyzed in real-time using the cimyy¢Wenlmaging)

program developed by Suits and coworkeérsThe centroiding algorithm performs a center-of-



31

mass calculation on each event spot (caused by a singleedetdettron), achieving sub-pixel
resolution. This approach permits the use of a relatively inexfenamera that is not cooled,
possesses a comparatively small CCD array, and has a lowesimsignal-to-noise ratio. The
data coordinates of each analyzed event are stored in an outputi@teisvupdated with every
cycle of the experiment (at a rate of 20 Hz). Each photivefeamage is typically an
accumulation of several 1@vents. It should be noted that the number of photoelectrons in each
shot has to be low enough to prevent overlapping electron spots. Thadiegtalgorithm
partitions the image into smaller arrays to perform the ceftmass calculation. When several
event spots are spread over the partitioned array the progogiucps an artifact located in the
upper left corner of the images, after some time the shape aftifact takes the form of a “jet”
pattern in one corner of the image. This issue usually manitssi$ in near-threshold
photoelectron studies, as the intensity at very low kinetic exgergjioften very large. Problems
arising from this issue are alleviated by adjusting the photodetnthyteld to an intensity that

significantly reduces the chance of nearly overlapping events.

3.6.2 Data Analysis

The acquired photoelectron image is a two-dimensional projectioneanitial three-
dimensional photoelectron distribution. The laser is polarized in tketidin of the ion beam
(i.e., in the detector plane); this serves to define an axis iolddglal symmetry for the system.
This property allows the initial three-dimensional distribution todmonstructed by an inverse
Abel transformation as implemented by the BASEX program dewldpe Reisler and
coworkers The centroided image is imported into BASEX. The center ofniagé must be

defined. This may be performed manually or by using the cénting algorithm within the
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program (discussed in more detail below). The program performgdbastruction, returns an
equatorial slice through the three-dimensional distribution, and thegrates over all emission
angles at each radius to obtain the photoelectron yield as a funcetectybn velocity. At this

point, the spectrum is calibrated (see discussion below) to &maellin photoelectron spectrum

and recast as a function of the kinetic energy according to the Jacobian tratisfigrma

Equation 3.10

I
I(Exg) oc%.

Additionally, the BASEX program can calculate anisotropy paramddgrfitting the intensity

profile as a function of radius using

Equation 3.11

I1(r,0) = C[1+ B(r)P,(cos )]

wherel (r, 0) is the well-known function governing a one-photon procagss the angle between

the laser polarization and the emission anglés a constant, anfl is the anisotropy parameter
that completely characterizes the angular distribution (sapter 2 for a detailed discussion of
the anisotropy parameter). Figure 3.5 illustrates a composétaga photoelectron image (left

half) and a reconstructed image (right half) from a photoelectron stufly.of
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Figure 3.5 — Shown on the right is a photoelectroimage of S taken at 532 nm. The left half illustrates the
raw image. The right half illustrates the BASEX reconstructed equatorial slice through the original hree-
dimensional photoelectron distribution. On the lef side of the figure is the photoelectron spectrurgenerated
from the reconstructed image. The transitions aréabeled to illustrate corresponding features.

Each photoelectron spectrum is calibrated to the well-known phot@eiesgectra of ™~
or 0;.** Calibrations are performed with the output of the second harmottte did:YAG
laser at a photon energy of 2.331 eV. TBhephotoelectron spectrum is used to calibrate the
low-energy photoelectron spectra which use the output of the tunablelopéiametric
converter. The&~ ions are created within the source by dissociative electtachatent taCS,
vapor, entrained in the argon expansion. Dhephotoelectron spectrum is used to calibrate the
higher energy photoelectron spectrum taken at a wavelength of 532 nm; the anweatackby

electron attachment to molecular oxygen entrained in the argon exparigie resolution of the
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spectrometer is determined by fitting the width of the featurehese well-characterized spectra
as a function of kinetic energy; results indicate a resolutidtvet (5800 + 1000) m/s for the

spectrometer.

The microchannel plates utilized in the imaging experimentesuffom several
inhomogeneities over the detector surface, leading to unevenfiaatign across the detector.
This introduces two complications in the reconstruction of the photomteitnage. First, the
center of the image becomes difficult to accurately find, eihyethe algorithm or by eye.

Second, the inhomogeneities decrease the signal-to-noise ratio of the image.

As a consequence of the first issue, a procedure has been devidpmerturately
determining the image center. The idea is to process the,imlageaate the inhomogeneities,
and make a “dummy” image that has the same center as the diegtqmhotoelectron image but
has an easily identifiable center. The centroided imagesracessed in a Java-based image
processing program (ImageJ 1.43u). The image is first subjectsd edge finding algorithm,
converted to binary, and finally a “fill holes” algorithm is usedcteate a large circle. The
center for this image is then easily found using the BASEXecdimding algorithm. For very
anisotropic images, it is often better to only perform the edge finding thiigoriln the event, the
photoelectron image has no sharp features it is necessary to tuse-eonsuming iterative
procedure, in which an estimate of the image center is givehebgenter finding algorithm or
by eye and as many as sixteen or twenty-five images widreht centers are reconstructed to

find the best center.

Regarding the second issue, the inhomogeneities decreaseyrihet@inoise ratio in

particular regions of the image. Due to symmetry argumeitsf thle information is contained
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within a quadrant of the photoelectron image. If the inhomogeneitidecaiezed within one
half of the image, it is often advantageous (i.e., increasesghal-$0-noise) to construct a raw
image from one half of the centroided image prior to recortgiruc This is performed in
ImageJ by locating the center of the image according to thedaneseoutlined above. Then

one half of the image is mirrored along the center line, imported into BASEX andtractet

As described above, in the current setup the photoelectron imageuyr@sneter is
oriented perpendicularly to the ion beam. This leads to severaltanpoamifications in the
operation of the spectrometer. The first issue arises fronplibeodetachment of an anion
moving with ~ 3.5 keV of kinetic energy. When the electron is edhitts velocity will be the
vector sum of the anion velocity and the velocity imparted from photddeent. As a result,
the image is displaced from the center of the phosphor screen endkdhble area of the
microchannel plate is reduced. The displacement is given by tuqbrof the velocity
imparted from the ion beam and the flight time of the photoelectioa is limited to an

acceptable distance by increasing the magnitude of the repeltage (while maintaining the

ratio Z—R). The most consequential effect of the imaging spectrometeestation comes from
E

the nature of the space focus of the time-of-flight spectromelbe space focus is typically
located at the photodetachment region in order to get the largest photodent signal.
Unfortunately, this is associated with a large uncertaintigenidn kinetic energy commensurate
with the spread of the plasma within the acceleration regionheftime-of-flight mass
spectrometer. The uncertainty in the velocity of the anion baliroontribute to an uncertainty
in the velocity of the photodetached electrons along the timegbi-faxis, deteriorating the
resolution of the spectrometer. The argument can be made mordajwanif we look at the

mathematical relations. Let us first consider a collectioanidns, with the same mass, spread
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along the time-of-flight axis within the acceleration regiontled mass spectrometer. These
anions will have an associated intensity profile,), where z is the coordinate along the time-of-
flight axis. This intensity profile will also have some fentincertaintyAz. Since the time-of-
flight acceleration region produces a linear potential gradienteleet the repeller and extractor
electrodesAz « AE,, whereE, is the initial kinetic energy of the anions in the accelenati

region of the mass spectrometer. The initial kinetic energy spread ishyiven

Equation 3.12

AEA == mAvAAUA,

wheremy,, v, andE, represent the anion’s mass, velocity and kinetic energy, respect It

can be shown that this will lead to a kinetic energy spread along the timghofaftis of
Equation 3.13

AE, = e AR
e _mA A

wherem, andE, represent the mass and kinetic energy of the photodetached eledframes.
consider some typical parameters in our experiment, the pladneglis expanded between the
repeller and extractor (separated by 30 mm). For this setap, esfimate ofAE, is ~ 400 V.
This indicates that for an anion with a 50 amu mass, the unceriainbgduced to the
photoelectron, in the direction of the anion beam, is ~ 4 meV. This icedularge part of the
uncertainty present in every photoelectron spectrum and is partychkamnful to spectra in
which B approaches 2 (a parallel transition). We attempt to abateffine of this inherent
problem by lowering the magnitude of the ion acceleration voltages wtaintaining the TOF

space focus, resulting in a reductioma, .
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3.7 Using Argon Solvation for Accurate Adiabatic El ectron Affinity
Determinations

One of the primary goals of many photoelectron studies isdoraely determine the
adiabatic electron affinity of the molecule under study. Thisfien complicated by small
Franck-Condon factors for the origin of the vibrational progression cflétronic ground state
of the neutral, which must be resolved for to determine the adiadattton affinity, or by the
finite temperature of the ions prepared for photodetachment, which lkeadsultiple
progressions that make the identity of the adiabatic electron twffimiclear. The Franck-
Condon factors obviously cannot be modified, as they are a propertyfstieen; however, the

temperature of the ions may be reduced using several experimental Approac

The first approach to reducing the temperature of the ions has bemmedabove in
section 3.3, in which the source conditions are optimized to produce thes aoii interest
solvated in large argon clusters. This technique serves to moderately cooktheibas and, as
suggested from Franck-Condon simulations, yields an anion temperatur@sff K. At this
temperature, especially in molecules with many energetitmiiylying vibrations, the adiabatic
electron affinity remains difficult to assign as many of piegressions arising from hot bands

still have appreciable intensity.

The photoelectron spectra of the anions solvated with argon atomsl@mwe of the
most effective means of eliminating hot bands and correctly fgiergtithe adiabatic electron
affinity. The presence of the argon ensures that the ions haperegnres of only a few tens of
K, since the argon binding energies to most anions are only &fsvof meV. Additionally, the
very weak binding energy of the argon to the neutral molecule ictexpt have a negligible

effect on the neutral vibrational modes. The relatively cool arglwated anion will yield a
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photoelectron spectrum that is shifted relative to the spectrutimeofinsolvated anion by the

argon solvation energy, but more importantly the hot bands will be btrengpressed or

eliminated. This often allows for an unambiguous assignment oé#terés that correspond to

then « 0 transitions in the photoelectron spectrum.
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4 Photoelectron Spectroscopy of Nitromethane Anion

This chapter has been reproduced in part with permission from Adams,SChneider, H.,
Ervin, K.M., and Weber, J.M., “Low-energy photoelectron imaging spectrgsaoip
nitromethane anions: Electron affinity, vibrational features, amigEs, and the dipole-bound
state.”Journal of Chemical Physic2009.130 074307. Copyright 2009, American Institute of

Physics.

4.1 Introduction

The interaction of nitromethan€H;NO,) with low-energy electrons and the properties
of the CH;NO; anion have been the subject of many studies, both experim&htadigd
theoretically**™®* One remarkable feature 6H;NO, is that it has a sufficiently large dipole
moment (t = 3.46 D) to bind an excess electron not only in a valence-like bidte@lso in a
state more accurately described as a dipole-bound'state™® Interestingly, the signature of the
dipole-bound state has not been observed in photoelectron (PE) spectroSdupybinding
energy of the valence-like state is srhatlative to several of the fundamental vibrational
transitions in the anion, making it an ideal molecular systemtHerinvestigation of the

interaction of vibrational excitation and electron emis&idh.

The adiabatic electron affinity (AEA) @fH;NO, has been determined to [#6( + 80)
meV by Comptoret all by using the last discernible peaks on a very extended and amhgest
vibrational progression as bracketing features. The error esintended to cover the range
of possible origin assignments of a vibrational progression B8iiht(9) meV or 645 + 56)

cm* spacing, yielding possible electron affinities of about 180, 260, or 310 rin light of the
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interest in the interaction dfH;NO, with low-energy electrons and investigation of vibration-

electron interaction, a more accurate and precise determination of thes AlEgirable.

The extended and congested vibrational progressions that mader exffk
measurements difficult is based on the large differences indbmejry of the nitro group
between the anion and the neutral molecule. In the neutral moldwil@\ tbond lies in the
ONO plane, while the nitro group is strongly angled away from @Nebond in the anion
geometry (see Figure 4.1). The vibrational spacing found in thespeEtrum reported by
Comptonet all is consistent with both tHé0, bending mode and té0, wagging mode of the

neutral molecule.

In this chapter, low-energy PE imaging results @iz NO; and coldCH;NO3 e Ar are
presented along with simulations of the PE spectrum. The featuresponding to the
vibrational ground state in the PE spectrum is unambiguously dettrby comparison of the
bare (and relatively warmQH;NO; with that of coldCH;NO3 e Ar, resulting in a value for the
AEA of CH;NO, of (168 +6) meV. A weak signature in the PE spectrum is tentatively
assigned as the dipole-bound state. Finally, the angular distribofitims observed features are
discussed in the context of the threshold laws for photodetachment sigdnaents of the

vibrational structure in the spectra are made, based on the simulations.
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4.2 Computational Details

4.2.1 Ab Initio Calculations

Computational chemistry calculations were performed using theUSSHANO03
program* Geometries and frequencies faA) CHsNO, and YA’) CHsNO, were calculated
using density functional theory (DFT) with the Becke-3-Lee-YBag- (B3LYP) hybrid
functional® *®and the 6-311++G(# 2p) basis set”' ! Geometries were also calculated using
coupled-cluster theory with single and double excitations and perugbatlusion of triples
(CCSD(T)) (Ref. 19) with the aug-cc-PVTZ basis¥efhe anion and neutral geometries for the
two levels of theory are shown in Figure 4.1. The most signifigaoimetry deviation between
the DFT and coupled-cluster calculations is in the andetween the plane of the NQroup

and the CN bond.

o =30.1(33.8)° o=1.3(1.5)°
Anion Neutral

Figure 4.1 —Geometries of CHNO, and CHNO,; a denotes the angle between the ONO plane and the CN
bond axis from DFT calculations; results from the CSD(T) calculations are in parentheses.

Calculated DFT frequencies are provided in Table 4.1. The calduddéetron affinity is
EA(CH3NO,) = 0.162 eV at the CCSD(T)/aug-cc-pVTZ level with vibrational zero-poiniggne

corrections from the B3LYP/6-311++Q{&2p) harmonic frequencies.
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4.2.3 Franck-Condon Analysis

Nitromethane has fifteen vibrational modes. Fourteen of timeskes are well described
as harmonic oscillators; for these modes, the calculated vibratiomabl modes from the DFT
calculations were employed to simulate the Franck-Condon prasieg the PESCAL program
developed by Ervin and coworkérs.?? The remaining mode corresponds to the torsional
vibration for internal rotation about tli&N bond. This mode was treated independently and later
incorporated into the final Franck-Condon simulations; this will beudsed in more detail
below. The Franck-Condon factors were calculated in the independenbrivaroscillator
approximation with full treatment of Duschinsky rotafibof the normal mode eigenvectors

between the anion and neutral, using the Sharp-Rosenstock-Chen recursion’m&ttidd.

The vibrational frequencies for neutf@aH;NO,, excluding the torsion, were taken from
the experimental Infrared/Raman fundamental frequeficisd substituted for the calculated
values. The thre€H stretch fundamental frequencies for the anions were taken froaneidf
spectroscopy experimerits® The other anion frequencies were estimated by scaling the
calculated B3LYP/6-314+G(2df,2p) harmonic values by the ratio of the experimental
fundamental to the calculated harmonic frequency of the neutrahdosimilar normal mode.

These frequencies are given in Table 4.1.

Both neutral and anioni€CH3;NO, possesL, symmetry with nine totally symmetric
vibrational modes, which have nonzero normal coordinate displacement bahgeanion and
neutral, and six nontotally symmetric modes. Nontotally symmetodes undergo no normal
coordinate displacement upon electron emission and are considered-Eoanrud “inactive,”
but can have some activity f@n « 0 transitions because of the overlap of the even wave

functions with different harmonic frequencies. All« 0 transitions are possible with
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nonharmonic potentials; for example, the torsional mode. The cattude@metry changes

between the anion and neutral are given in Table 4.1, presentedl_ésdilsplacement vector in
the anion normal coordinate frarffe?®> The signs of the Cartesian displacement vectors are
arbitrary in the harmonic oscillator approximation, but need to bieedeself-consistently for
the Duschinsky rotation calculations. In this simulation, the decif the normal coordinates
for each mode was chosen such that the B rotational constant ofotbeuta decreasesy(l

component of the moment of inertia increases) for a positive displacement.
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Table 4.1 — Frequencies (cH) and geometry displacements.

CH3NO; CH;NO, (g/mol)ll/gArﬁgstron‘?
Mode  Assig B3LYP® Scaled B3LYP® Exp”  B3LYFF fit®

1 Ww(NO,) 4117 408 616.1 603 0.6802 0.65
2 5{CH;) 13915 1369 1402.9 1380  -0.0428  -0.14
3 V(NO,)  1201.7 1172 1431.9 1397 0.3255 0.34
4 r,(CHy)  1089.6 1084 1136.7 1131 0.1267 0.03
5 V(CN) 844.1 836 926.9 918 -0.2745  -0.31
6 S(NO,)  583.8 579 662.5 657 0.0854
7 V(CH;)  2887.5 2779  3081.6 2974  -0.0345
8 V(CHs)  3054.9 2922  3168.4 3045  -0.0034
9 5<(CH;)  1461.2 1416 1479.6 1434 0.0122
10 torsion 204.2 H.R. 11.6 F.R. 0
11 r(NO,) 446.2 440 481.5 475 0
12 r(CHs)  1058.5 1044 1111.4 1096 0
13 vA(NO,)  1280.5 1252 1619 1583 0
14 5(CH;) 14725 1416 1466.6 1410 0
15 V{CH;)  3108.1 2965  3200.5 3080 0

dGeometry displacements in terms of anion normatdioate vectors.

PExperimental fundamental frequencies (Ref. 26)sidsment labels in column 2 are takefy
from Ref. 26.

°B3LYP/6-311++G(&f,2p) harmonic frequencies.
“Except as noted, scaled theoretical values asieddn the text.
*Optimized displacements to fit PE spectrum of Camet al. (Ref. 1).

The experimental value from the present work i9¢38) cni* as derived from the hot
bands (see text).

9Experimental fundamental frequencies (Refs. 3 3nd 5

"H.R. threefold hindered rotor with 953 ¢rharrier from B3LYP/6-311++G(,2p)
calculation. F.R., free rotor.
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4.2.3.1 Franck-Condon Simulations: Internal Rotor

The internal rotation of the methyl amD, groups about th€N bond is a hindered
motion in the anion but is essentially a barrier free motioneuwtral CH;NO,. The torsional
potentials are calculated at the B3LYP/6-311+E®) level by scans of thECNX dihedral
angle, wher& is a dummy atom placed 9@ theCN bond and defining the bisector of tR@,
group, while all other distances and angles are allowed to rdfax.the anion, the potential

energy is well approximated by a cosine function,

Equation 4.1
Vo
V(p) = ;)(1 ~ cosnp),

with n = 3 and a barrier of, = 953 cmi*. For the neutral, the potential is sixfold symmetric,
represented by = 6 with a barrier, determined by a high resolution Fourier-tansfinfrared
study, ofV, = 2.11 cm*.?® For the present study, with our resolution, it is appropriateetd t

neutralCH;NO, as a free internal rotor.

The free internal rotor of neutr@H;NO, is modeled as a patrticle-in-a-ring to obtain the

energy levels and corresponding wavefunctions. In this treatment, the ¢taamilis given by,

Equation 4.2

wherel is the reduced moment of inertia. The reduced moments of inertia were obtained as
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Equation 4.3

= Icny, * Ino,
Ien, + Ino,

with the CH; and NO, group moments of inertia obtained from the calculated geometries
relative to theCN bond axis; this is the simplest approximation for the rotor moofenertia as

described by East and RadémThe energy eigenvalues for the free internal rotor are

Equation 4.4
hZ
Erp =]2§=]ZCT; J=0+1,4%+2,43,..
where J is the quantum number of the free internal rotor &pdis the torsional constant
calculated asC; = 5.621 cm® and the corresponding normalized, free internal rotor

wavefunctions are given by,

Equation 4.5
1 .
= ——el?,
v V2m
The Hamiltonian of the hindered internal rotoiCi;NO is

Equation 4.6

. 2 aZ 2

H=———+V(p)=—-Cr=—=+V(p),

whereV (¢) is the torsional potential ar@y = 5.609 cmi® . A truncated basis set of free rotor
wavefunctions is applied to the hindered internal rotor Hamiltonmwu#dined by Ingham and

Strickler®, as well as Spangler and Pratt’ The resulting Hamiltonian matrix,
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Equation 4.7

2 VO VO
Hjg = (] Cr+ ?> Ok — Zaj,KiBI

may be diagonalized to yield the hindered-rotor wavefunctions andotinesponding energy
eigenstates. For the present study, a basis sef/from20 toJ = +20 was found to converge;

the energies of the free and hindered internal rotor states may be found id.Zdigéow.

The Franck-Condon factors for the torsional vibration were sintlliateMathematica
(Wolfram Research Inc.). A program was written to geeeifsge eigenvectors of the anionic and
neutral CH;NO,, according to the procedure outlined above, and project the wavefunctions of
the anion onto the neutral free internal rotor wavefunctions. The Franck-Condon ovedegl inte

is given by

Equation 4.8

2

2T
FCF(J,n) = an Vi (@Y (P)de| ; ] =-20,-19,..,19,20
0

where; is the wavefunction of thg" neutral internal rotor,p,, is thent” hindered internal

rotor wavefunction of the anion, afj}, is the Boltzmann weighting of thé”" state in the anion
for a temperature specified in the program. Since the hindetexchal rotor states are simply

expansions in the orthogonal free internal rotor wavefunctions this may be schfifi

Equation 4.9

20

W @n(@) = Wi (@) D ale) = a8y

Jr=-20
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The transition intensities are imported into PESE2dnd convolved with a Gaussian to match
the experimental resolution. This approach effectively trela¢s torsional mode as an

independent harmonic oscillator with no Duschinsky mixing with other modes.

Table 4.2 — Lowest Free and Hindered Internal RotoStates

Quantum Number Free Internal Rotor Energy Hindered Rotor Energy

[cm™] [cm™]
0 0.0 106.4
1 5.6 106.4
2 22.5 106.4
3 50.6 312.3
4 89.9 312.3
5 140.5 312.3
6 202.4 503.1
7 275.4 503.2
8 359.7 503.2
9 455.3 676.3
10 562.1 676.3
11 680.1 677.6
12 809.4 821.0
13 949.9 831.2
14 1101.7 831.2
15 1264.7 936.9
16 1439.0 936.9
17 1624.5 984.5
18 1821.2 1019.5
19 2029.2 1093.8
20 2248.4 1093.8
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4.3 Results and Analysis

4.3.1 Interpretation of the photoelectron spectrum: the adiabatic electron affinity

and the dipole-bound state

The uncertainty in the AEA determination of Compétral® was due to the shape of the
PE spectrum, which is dominated by an extended vibrational pragrepsaking at a vertical
detachment energy of 0.9 eV. The AEA determination was done by tigrigst discernible

peaks at the low binding energy of the spectrum.

Figure 4.2 shows the PE spectra@fi;NO, at 397 meV (3200 crf) and 322 meV
(2600 cnt') photon energy, and a sample PE image is presented in Figure 4sXofffesponds
to the low binding energy side of Comptoetsal. spectrum (see Figure 4.2). The spectrum is
dominated by a progression of intense peaks with spacefbbi 7) meV or 613 + 56) cm™.
The lower binding energy range shows a series of sma#aurés with less regular spacing. It
should be noted that all photon energies in this study were chosduollgai@ avoid the

influence of known vibrational autodetachment resonances GfHRBIO, anion? 1°
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Figure 4.2 — PE spectra of CHNO, at 322 meV (2600 cth lower trace), 397 meV (3200 cif) and from Ref. 1
(inset, abscissa is in units of eV); the circles ardata points, the full lines are five point adjacet averages to
guide the eye; the arrow denotes the peak correspdimg to the vibrational ground state of the neutral
molecule AEA=(168 * 6) meV; D is the signature ohe dipole-bound state.

At this point, three intense features may be assigned to the rbaatiomal progression,
with the vibrational @ origin transition at the nominal peak positionEgf= (170 + 5) meV
and the features toward lower binding energies are assignedlzanlst The energy spacing of

(613 + 56) cmi' is in agreement with the value @645 + 70) meV or(80 + 9) meV reported
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by Comptonet al! and corresponds to the 603 trrequency for the N@wag mode of gas-

phaseCH;NO, reported by Gorset al?®

The comparison of the spectrum of b@ié;NO; and
that of CH;NO; - Ar (see Figure 4.4) corroborates this assignment. The seligtege peaks
spaced by 76 meV is shifted b§3(+ 7) meV toward higher binding energies upon Ar solvation.
The hot bands at lower binding energies are suppress&Hid¥O, - Ar because of the much
lower internal energy of the argon complex. The PE spectfuiigNO; - Ar, (not shown) is
shifted by an additional6( + 7) meV relative to that ofCH;NO; - Ar. This very regular
behavior in the Ar-induced shifts confirms our identification ofltbebands in the spectrum of

bareCH;NO,. Therefore, we determine the AEA 6H;NO, to be (68 + 6) meV (after

corrections for torsional and rotational contour shifts discussed below).

Figure 4.3 — PE image of CHNO, at 322 meV (2600 ci) photon energy, based on one quadrant of the raw
PE image. The left half of the figure contains theaw PE image with the intensity in the upper porton
doubled to better show the dynamic range of the inge without saturating the gray scale. The right ht of
the figure shows the BASEX transformed image withhe “center-line artifact” from the BASEX transforme d
image removed. The signature belonging to the dipe-bound state has been labeled “D.”
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Comparing the geometries of anionic and ne@i&NO,, the most prominent geometry
difference between the two charge states is the position af@egroup relative to th€N
bond; this difference will likely lead to significant activity in this mode egslilt in an extended
vibrational progression in the PE spectrum. Based on this assumpti@anvtentatively assign
the most intense peaks in the experimental PE spectr@ .00, at 397 meV (3200 ci

photon energy as the first three members of a progression ofttial N, wagging modezl(o)

(see Table 4.1 above for the labeling of the modes) with quantum nl,umﬁ??ef-so, 1,and 2. In
addition, we can identify a peak dt2@ + 5) meV binding energy as a hot band of the anionic
NO, wagging modevl(_), i.e., corresponding to the transitiongo) =0) « (ng_) =1), and a
peak at 77 + 5) as a hot band in the same mode but corresponding (tngfﬂe: 0) « (n§‘> =

2) transition. We therefore arrive at an experimental frequdor the anionic N@wagging
mode of 880 + 56) cm’. A band at 195 + 5) meV binding energy is the signature of the
transition (n§°) =1) « (n§‘> =1). The higher order members, i.e(.ngo) > 1), of this
progression are very weak but observable as shoulders on the higiggr ®des of the intense
neutral progression. We note that other low-frequency modes may contribute to tiredhsé

bands. A more thorough discussion on the assignment of the obsenathrdifeatures based

on the Franck-Condon simulations will be presented below (see Section 4.3.3).
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Figure 4.4 — PE spectra of CENO, (upper trace) and CHNO, -Ar (lower trace) at 397 meV (3200 cr)
photon energy. The dashed lines and arrows show Wwahe vibrational progression of the neutral molecie
shifts by 63 meV toward higher binding energies upo solvation by one Ar atom.

The PE spectra of ba@H;NO; show a weak feature at a binding energy &#@8)
meV. This feature does not correspond to any of the possible aniotiovibfanodes with any
appreciable Franck-Condon intensity (see below), which makeshlyhiglikely to be a hot

band. Comptoret al! determined the binding energy of the dipole-bound stat€HiNO,
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populated in Rydberg electron transfer experiments td be-(3) meV, in agreement with the
feature at low binding energies to the dipole-bound stat€ HyfNO,, which has not been
observed previously by PE spectroscopy. The signature of the dipoledtatends absent in the
PE spectrum of H;NO; - Ar (as can be seen in Figure 4.4). This behavior is in agreeméant wit
previous observations that have determined that the presence gbaratsm will only lead to
the formation of the valence-bound state, as solvation should lead tater gtabilization of the
valence state relative to the dipole-bound stat&he existence of the dipole-bound state at
relatively long lifetimes (i.e., ~ 25 ps) provides evidence that dipole bound state is
metastablé. As will be discussed below, the anisotropy of the photodetachetdosie from this
feature (taken at several photon energies) does not follow the tsand as those from clearly

valence-bound hot bands, hinting at the involvement of a different electronic state.

4.3.2 Photoelectron Angular Distributions

Anisotropy parameters were determined as a function of efedtinetic energy for
several photon energies: 285 meV (2300'5810 meV (2500 cif), 322 meV (2600 cif), 397
meV (3200 crif). The anisotropy parameters were fitted at known vibratioeatufes,
including hot bands, in the PE spectrum; additionally, the anisotropgnpteawas determined
for the feature at 8§+ 8) meV, tentatively assigned as the dipole-bound state, for each

wavelength.

At the low kinetic energies, accessed by the photon energiésrues study, Wigner’s
threshold law' governs the relative weighting of the allowed partial wavdsis Stipulates that

the relative cross sectien of a partial wave with given orbital angular momentfillehaves as
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Equation 4.10

£+1/2
Oy X EK

As s waves (i.e.;f = 0) are isotropic £ = 0), and dominate at low kinetic energies over the
contributions of partial waves with higher orbital angular momentumexpect the anisotropy
parameter to progressively deviate frgin= 0 as Ex increases. For a given electronic final
state, the variation g8 with energy is expected to be monotonic and smooth. Inspecting the
experimental results faCH;NO, (see Figure 4.5) we observe that the values of the anisotropy
parameter for the valence states (including hot bands) follow astemisirend, increasing from

B = 0 (outgoing s-wave) at loli;y to f = 1.25 for Ex = 325 meV. This is consistent with the
contribution from thes partial wave dominating at low kinetic energies, while higheyukar
momenta play an increasing role Bg increases. We caution that Wigner’'s threshold law
strictly only holds for electron-molecule interaction potentidlat tfall off faster thant /r2.
Interactions with polar molecules, especially those with a dipmeent sufficiently large to

support a bound state, can behave stepwise and osciffatory.
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Figure 4.5 — Anisotropy parameters are presented asfunction of electron kinetic energy for differen photon
energies. Squares, circles, triangles, and starsreespond to data taken at 285 meV (2300 cf), 310 meV
(2500 cm?), 322 meV (2600 ci), and 397 meV (3200 cif), respectively. Filled symbols correspond to the
valence electronic state, while the open symbolslbag to the dipole-bound state. The data points nmked
with larger circles belong to the hot bands at binthg energies of 77 and 122 meV. Error bars have ba
conservatively estimated to be 0.1, except in casehere fits of the angular distributions resultedin larger
error bars because of poorer signal-to-noise ratiosThe dashed line shows the theoretical maximum itge for
the anisotropy parameter @ =2).

In contrast to the valence state (including the hot bands), photodetaicinom the
dipole-bound state results i = 2 for all data points corresponding to this state for all photon
energies (see Figure 4.5). This dramatic difference continaisthe electrons in this feature
originate from a different electronic ground state of the aniowrebVer, the largg value is

consistent with a nearly pugecharacter for the outgoing wave, similar to photodetachment from
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H- ions3* ** resulting from photodetachment of aslike orbital. The dipole-bound state is

expected to be spatially extended anrlike in shape. This is consistent with our observations
along the lines of this simple argument. We note, however, thadtgoingp-wave is not the

only possibility to generate = 2 anisotropy parametér. *

4.3.3 Franck-Condon Simulation

In the photodetachment transition fro6H;NO, to CH;NO,, the largest geometry
displacement is along the N@vagging normal coordinate with the known frequéfof 603
cm™ in the neutral. As discussed above, this mode accounts for theFrejak-Condon active
progression in the PE spectrum according to the simulation based DR Thmalculations. Four
other modes, listed as modes 2-5 in Table 4.1 above, also show substant@d-Condon
activity, primarily for their -0 and 2-0 transitions. Together these five modes account for
over 90% of the Franck-Condon profile intensities. Combination bands invaivoags 3-5
with frequencies of 1100-1300 €mend to overlap with the transitions from the N@agging
mode at moderate resolution, causing shifts in the observed peak&ahdegeneracy accounts

for the observed spacing of 645 tmeported by Comptoet al?
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Figure 4.6 — Comparison of the torsional Franck-Codon simulation (vertical sticks) at 100 K temperatue
and the experimental results for CHNO, -Ar, shifted by the EA of the Ar complex (full line).

As a consequence of the differences in geometry between anionmeaimdlCH;NO,,
the character of the internal rotation of the methyl group dswmgmpletely upon electron
detachment. In the anion, the methyl rotor is strongly hindered, wislessentially a free rotor
in the neutral. This leads to each vibrational band being accompanieahtiynation bands
involving the hindered-to-free internal rotor transitions. Figure Adivs that the simulated
spectrum forCH;NO, at 100 K in comparison with the experimental PE spectrum will be

virtually free of hot bands, as the presence of the weakly bound degnands. While the
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individual transitions are not resolved in the experimental specthershape of the<60 band

is clearly asymmetric with a steeper low binding energpesl On the basis of our Franck-
Condon calculations, we argue that this asymmetry is mainlyadtie hindered-to-free methyl
rotor transitions. A stick spectrum of the Franck-Condon transitionghéotorsional modes is
shown in Figure 4.6. Because the upper state is nearly eofogeand the lower state hindered-
rotor ground-state wavefunction includes components of a serieseablgg basis set functions
that overlap with the free-rotor wave functions, the simulated specis qualitatively
reminiscent of rotational structure. In the independent oscillgfmoaimation, this structure is
repeated for every vibrational transition in the nitromethane smectr At the available
experimental resolution, the individual torsional transitions are solwed but they contribute

to the broadening of the observed transitions.
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Figure 4.7 — Comparison of the experimental PE spaam by Compton et al. (Ref 1) with a fitted Franck
Condon simulation (see text).

Rotational contours were calculated as described previdu¥lysing DFT geometries
and treating the anion and neutral as asymmetric tops. At theiregp&al resolution, the
rotational contours are only slight asymmetric and the peakishift.2 meV at 250 K. The
contour due to the internal torsional transitions shifts the peaksdditioaal -1.0 meV.
Inclusion of the shifts, at a temperature of 250 K, gives ashifit of (—2.2 + 1) meV. This

shift has been accounted for in the electron affinity values reported above.

Because the low-energy imaging PE spectra exhibit only iteféw transitions of the

Franck-Condon envelope, Franck-Condon fits where the geometry displatseare optimized
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are not well constrained by the present experiments. In additianations in the
photodetachment cross sections are expected owing to threshold &fectsaging spectra
taken at low photon energies. Therefore, we first compare thekFCamdon simulations to the
CH;NO, PE spectrum of Comptaet al,* which was taken at a photon energy of 2.54 eV and
exhibits the entire Franck-Condon band profile. Figure 4.7 compareBEhgpectrum with
Franck-Condon simulations using normal coordinates from the DFLlaabns, frequencies
given in Table 4.1, and the origin assignment as obtained from ogmignexperiments. The
peaks are convolved by a Gaussian function with a FWHM of 30 meMpasted for the
instrumental resolutioh. An anion vibrational temperature of 300 K is assumed. The raw
calculated displacements already gave a very good matchtheitexperimental spectrum, but
the displacements for the first five modes, the electron affimtyd a scaling factor were
optimized to provide a least-squares fit to the experiment ovealéhtron binding energy range
of 0 — 1.3 eV. The optimized displacements are given in Table 4.1. The chaongeshe
calculated displacements are minor and should be considered astigealitdues because
individual transitions for the five optimized modes are not resolvedhenekperiment. The
optimized electron affinity is 168 meV, in excellent agreemerh he imaging result of
(168 £ 6) meV. As shown in Figure 4.7, the simulation provides an exceliend the
experimental PE spectrum, especially considering that anhanityoeffects are not included,
even though the progression of the Ni&agging mode extends to fairly high vibrational levels.
This agreement confirms that the PE spectrum of Comgtt@h’ is consistent with our origin
assignment from low-energy PE imaging. As indicated by Compt al, however, their
spectrum alone is insufficient for a definitive assignment ofotigin. Indeed, we could also

produce reasonable Franck-Condon fits with assignments£Aok 20, 95, or 245 meV.
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Therefore, the higher resolution and lower temperature imagipgriments are essential for

determining a precise electron affinity.

Figure 4.8 — HOMO of CH;NO, . The HOMO is mainly localized on the nitro groupbut small parts also
penetrate into the rest of the molecule, notably #s* antibonding orbital of the CH group syn to the nitro
group.

For the present purposes, we now have a validated set of Franck-Conelwsitynt
parameters constrained to match the full experimental PErspect These may be used to
compare Franck-Condon simulations with the present experiments. Hovib®oause the
imaging spectra are taken at near-threshold photon energes|sb necessary to consider the
dependence of the photodetachment cross section on PE velocity, whictodidy the Franck-
Condon intensities. As discussed earlier (see Chapter 1), there is no singrlerat fynctional
form for the velocity dependence for molecular anion photodetachmensitrés, as it depends

on the details of the interference of outgoing electron wavestiolacular orbitals arising from
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a mixture of atomic orbitals on different centers. Neverthelmsie general considerations

apply (neglecting the influence of the dipole moment of the neutodéaule): (1) First, the

leading term for the velocity dependence is proportionaﬂ,ﬁfﬁ. This electron velocity factor
appears in the coefficient of the expressions for atomic ivegain photodetachment cross

I.,40

sections given by MasséYyfor molecular photodetachment by Residal,*® and was cited by

Ervin and co-worker¢' *® as appropriate for scaling Franck-Condon factors in PE spectyoscop
simulations. Becausf,l/2 gives a relatively slow variation at moderate electron kinetic
energies Eg, this factor usually has a very minor effect on the Franck-Conaoulaion for

conventional negative ion PE spectroscopy, i.e., for photon energies h4the/ range and

electron kinetic energies greater than 0.3 eV over the energg cdutypical vibronic transitions.
The E,i/z scaling factor is exact for pukewave detachment and will predominate over higher-

order terms very near threshold. However, scaling proportior@,l/lzois incorrect in general

when detachment involves higher-order electron waves with possibléerence effects. Pure

p-wave detachment (or higher-order spherical harmonics) Eﬁ(ﬁ dependence (or higher
powers) can become relevant at slightly higher kinetic enengine the detachment behavior is
no longer governed by Wigner's law. Detailed evaluation of the photdue&nt matrix
elements as a function of photon energy and averaging over moledataatons is required
for complete treatmefif:*? (2) Second, using the approach outlined by Reeal,*® which is
discussed in more detail in Chapter 2, a comparison of the ogsvalp symmetry of the highest
occupied molecular orbital (HOMO) from which the electron is detdcto atomic orbital
symmetry can be used to predict the dominant near-thresholdoal@dtachment symmetry.
For the present case, the HOMO ©GH;NO, is an A’ orbital centered on the NQyroup

composed predominantly pforbitals pointing out of the ONO plane with the same phase on the
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O atom and the opposite phase on the N atom. This orbital is tadsiraFigure 4.8; in the
pseudoatomic limit the HOMO exhibité-like symmetry with two angular nodes (one in the
ONO plane and one passing between the N atom and the two O.afbnas would imply that
the detachment would result inpavave as a first-order approximation. However, the HOMO
also includes other atomic orbital components with smaller caaifii which will complicate
this picture. (3) Third, the angular distribution of the photodetachnedsiivie to the electric
field vector of the laser provides complementary information deéggrthe symmetry of the
photodetached electron wave. In the present case, the detachntéet latvest electron
velocities exhibits isotropic-wave behavior £ = 0) as shown in Figure 4.5, which implies
¢ = 0, but increases with increasing photoelectron velocities suggestingighat-order terms

become important.

Experimental evidence shows that near-threshold low-electron-yeldetachment
transitions in imaging experiments are indeed suppressed comparedartok-Eondon
intensities. For example, Surber and S&howted the diminution of near-threshold transitions
compared to Franck-Condon intensities in @8¢ imaging PE spectrum. This effect is also
evident in the present experiments as may be seen by compainglative intensities of the
0—0 and 0 NO, wagging transitions in the spectra in Figure 4.2 taken at alesiéierent
photon energies. The<0 transition has a lower relative intensity in the spectrum taken

lower photon energy where it is closer to threshold.

The imaging spectrum at 397 meV (3200 3mphoton energy is compared to

Franck-Condon simulations in Figure 4.9. Three simulations are slowenwithout electron

velocity scaling (simple Franck-Condon approximation), one scaletE,%Zy (pure s-wave
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detachment), and one scaled BS/Z (pure p-wave detachment). Comparing the simulation
without velocity scaling, it is obvious that transitions at lowcebn velocity (high electron
binding energy) are strongly suppressed. The simulations thataled byE;/> or E/* better
match the relative intensities of the observed spectrum, but nisitherexact fit over the whole
energy range. That behavior suggests that a more sophisticatadatmaic of the
photodetachment cross sections as function of photoelectron velocity, muchaditiple terms,
would be required to match the experimental intensities. Nelesthethe overall match

between the experimental spectrum and the simulations is suiffioi®erify the assignments of

the transitions discussed above.
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Figure 4.9 — Franck-Condon fits to the experimentalPE spectrum of CHNO, (open circles) at 397 meV
(3200 cm®) with no velocity scaling (dotted line), scaled wh Ex*? (pure swave, full line), and scaled with
E«*? (pure p-wave, dashed line); see text for details. The asences marked in the spectrum are based on the
NO, wagging modev, with transitions n<O0 (series I) andn<1 (series Il). The asterisk marks the 8-2 hot
band of the NO, wagging mode. Note that the top scale shows thie@ron kinetic energy while the bottom
scale gives the electron binding energy.

The intensity of the hot band assigned in Figure 4.9 addthe2 (Ez = 77 meV)
transition to the N@wagging mode is about a factor of four higher than predicted by the Franck-
Condon simulations. The simulations in Figure 4.9 use an anion tempeyb258 K, which
roughly reproduces the relative intensities of @he 0 origin and nearbyl « 1 sequence band

of the wagging mode. At this temperature, the observed intensitg 6f4 2 band is too high



68

relative to the0 « 1 and 0 « 0 transitions to be explained by a Boltzmann distribution.
However, if the anion vibrational temperature is increased to 4@0nkatch thed < 2 hot band
intensity, then the intensities of the— 2 transitions fom = 1, 2, and 3 are too strong compared
to the experiment. The source of this discrepancy is uncdnaivever, it is possible that when
sufficient energy is pooled into the low-lying modes of nitromethae., the wagging mode, the
internal rotor, etc. the vibrational modes are not sufficiently mddateindependent harmonic
oscillators resulting in a poor recovery of the spectrum withirdithiéations of our simulations.
The disappearance of the peak in the €HANO, « Ar spectrum (Figure 4.4) and the fact that
its anisotropy follows the same trend as the main progressigaré=.5) imply that this feature
is indeed due to hot bands and is unrelated to the dipole-bound state (pedkgDre 4.2).
Finally, we note that the two vibrational hot bands predicted to heestethe dipole-bound
detachment peak &; = (8 + 8) meV are0 « 3 NO, wag transition atz = 19.1 meV and a
combination of0 « 1 in the NQ wag and0 < 1 in the CN stretch ak; = 15.4 meV. Even
allowing for frequency shifts (and ignoring the distinctive anisotmipygeak D), the calculated
Franck-Condon intensities of these hot bands are each less than GI896 ef 0 origin peak,

much too small to account for the observed feature.

4.3.4 CN bond energy
As was outlined by Sanoet al,** the AEA may be used to establish the bond

dissociation energy of the C-N bond @tH;NO;,: BDE. = 0.477 eV, using the following

thermodynamic quantities in the thermochemical cycle illlesdrat Figure 4.10. The presence
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of the excess electron serves to destabilize the CN bond in nitrameemaking the bond almost

five times weaker than in neutt@H;NO,.

CH5 + NO,
2.582 eV 2.273 eV
v CHy+NO,
A
CHNO, 0.477 eV i
(0.168 + 0.006) eV CH,NO,~

Figure 4.10 — Thermochemical cycle for the determattion of the BDEcy in nitromethane anion.

4.4 Summary and Conclusions

We have studied the photoelectron energy spectra and angular dstsbidr low-
energy photodetachment of nitromethane anions. We have determined aanurate and
precise value of the AEA of nitromethar8 + 6) meV, and we were able to unambiguously
assign many of the vibrational features in the PE spectrume. miost intense peaks observed in
the PE spectrum are due to progressions of the neutraiMd@ping mode. We observe a long-
lived (> 25 us) dipole-bound state of the nitromethane anion, clearly identifiabtughr its
anisotropy, which is very different from the valence-statseBavibrational features. We
postulate the existence of bound-to-free internal rotor transibbrise internal methyl rotor,

which are unresolved in the present PE spectra, but are the cause &symmetry in the
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prominent vibrational features and contribute strongly to the spemrajestion of the PE

spectra. Future high-resolution PE spectroscopy experimentsratasver photon energies may

be able to resolve these features.
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5 The Photoelectron Spectroscopy of Nitroethane Ani ons

This chapter has been reproduced in part with permission from Adamsa@d Weber, J.M.,
“Photoelectron imaging spectroscopy of nitroethane anidasinal of Chemical Physic2011.

134 244301. Copyright 2011, American Institute of Physics.

5.1 Introduction

Weakly bound states of excess electrons in molecular systemsréaiged much
attention because they can be supported by a number of different nsechanith diffuse
dipole-bound staté€ and more localized but still weakly bound valence anions being the two
main motifs. Some molecules can support both of these types ofsaaiest °® In a joint study
using photoelectron (PE) spectroscopy experiments by the Bowenigroompcert with Rydberg
electron transfer experiments by the Schermann and Compton hribuwas shown that
nitromethane is capable of forming both a dipole-bound state andrec&aaion state. It was
argued that formation of the valence anion in attachment of fesgrahs is facilitated by
capture into the dipole-bound state and subsequent relaxation into the \gteete” * A
recent combined experimental and theoretical study by the groupsveénB Compton and

Sommerfeld showed that the same processes are at play in nitrdethane.

These two small nitroalkanes are very similar in sevesgeacts, for example in terms of
their dipole moments and of their adiabatic and vertical electron bindingesnége Table 5.1).
In particular, the adiabatic electron binding energies in both sgstawve been shown to be
lower than many of the fundamental vibrations of the anion, making timedecule model

systems for studying the interaction of vibrational excitation and eteetnissior: °
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Table 5.1 — Dipole Moments and AEA'’s of Nitromethaa and Nitroethane

. AEA [meV]
Dipole Moments (Debye)—— VDE [eV]
this work refs. 4 and 5
CH3NO, 3.46° 168+6 300 * 200 09+0.1
CH3;CH,>NO, 3.4 191 +6 260 +80 09+0.1

%ee refs 11 and 12 for discussion on the dipole moment of nitroethane

One important cornerstone in the descriptions of such systems isceurate
determination of the adiabatic electron affinity. A PE spectafrmitroethane anion was
recorded by Bowen and coworkers several years' agie spectrum revealed an extended,
unresolved vibrational progression, affording a determination of thealedetachment energy
of 0.92+0.1) eV and an estimate for the AEA ai.3+ 0.2) eV. The relatively large
uncertainty in the latter value is a caused by the combinatiarsolbstantial geometry difference
between the molecular geometries in the anionic and neutral chiatge and a large spectral
congestion due to a large number of Franck-Condon active modes, making the transigem betw
the vibrational ground states of the anion and the neutral moléceted(transition) difficult to
pinpoint. In the structurally related nitromethane arlion,the largest geometry difference
between the anion and the neutral is the angel betweadiOth@lane and th€N bond, where
the accommodation of the excess electron (in an orbital of mainigharacter) changes the
geometry of the nitro group towards a trigonal pyramidal configuratThe vibrational mode
connecting these two geometry motifs is the nitro wagging mob&hweads to a similarly

strong progression in the PE spectrum of nitrometfAane.
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In this chapter, PE spectra of bare and Ar-solvated nitroeth@naesaare presented.
Using argon solvation and Franck-Condon simulations, the AEA of thaoe is determined to
be (191 + 6) meV. This is used to determine N0, bond dissociation energy in nitroethane.
Finally, several of the active modes in the PE spectrumsaigreed with the aid of the Franck-
Condon simulations and the dipole-bound state is tentatively assignedveak feature at

(27 £ 5) meV.

5.2 Computational Details

5.2.1 AbD Initio Calculations

In order to understand the PE spectrum of nitroethane, information omdleeular
structures and the vibrational frequencies of the anion and the nmaaotealule is needed. In this
study, we performed calculations using the GAUSSIAN 03 programa8uitVe used density
functional theory with the Becke-3-Lee-Yang-Parr (B3LYP) kg/unctionaf® *® and the 6-
311++G(af,2p) basis set to obtain geometries and vibrational frequenci€dfgtH,NO, and
CH3;CH,NO, (calculated frequencies are listed in Table 5.2 below). Miehod was chosen
since it has been shown in our previous study on nitrometharee computationally efficient
and provide reliable frequencies. The calculated electron affiniyvertical detachment energy
(VDE) of nitroethane, after accounting for vibrational zero-point ggnherorrections, are
EAcyc = 0.45 eV andVDE(, = 1.20 eV. It should be mentioned that recent calculations on
the nitromethane anion (which is very similar in its electrstrigcture, owing to the localization

of the excess electron on tN®, group), indicated that at this level of theory one would expect
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an overestimate of the adiabatic electron affinity and thateoafigurational wavefunctions are

necessary to achieve sufficient convergence with experimental résults.

Anion Neutral

Figure 5.1 - Geometries of CHCH,NO, and CHCH,NO,; 0 denotes the angle between the ONO plane and
the CN bond axis, which is the most salient geomegtchange upon electron loss.

Two conformers of the nitroethane anion were found, in agreemdnawiearlier study
by Schneideet al® The conformations were calculated to be separated by 68Gifter zero-
point vibrational energy corrections were taken into account. lroter lenergy conformer, the
NO, is synto one of the CH bonds in the €Hroup, while the N@is synto the CC bond in the
higher energy conformer. A careful and detailed analysis ohtrered spectra of nitroethane
by Schneideet al,? performed using the same source and similar source conditionstéddica
that only the lower energy conformer was significantly populatedthe anion beam.
Additionally, exploratory Franck-Condon simulations performed on the hegrergy conformer
indicated the higher energy conformer was not compatible witiPEhepectra. Therefore, the

focus of the study will be on the lower energy conformer.
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5.2.2 Franck-Condon Analysis

The Franck-Condon profiles were simulated using the PESCAL prodeagloped by
Ervin and coworkers’ With the exception of the torsional vibration about ¢ bond
(discussed separately), the vibrational normal modes from theatadosl were used to generate
the Franck-Condon factors within the independent harmonic oscillator apatma with the

full treatment of Duschinsky rotation using the Sharp-Rosenstock-Chesimecoethod® *°

The calculated vibrational frequencies of neuttél; CH,NO,, excluding the torsion,
were replaced with experimentally determined vibrational fregeenfiom a gas-phase IR
study® of CH;CH,NO,. Of the twenty-four vibrational modes 6f1,CH,NO;, five have been
experimentally determinetl;the remaining frequencies were determined by scaling the
calculated frequencies by the ratio of the experimental fundainenthe calculated harmonic

frequency of the neutral for the similar mode. The frequencies may be founol@bTabelow.

Symmetry considerations often play an important role in the giogpion of the
interpretation of a PE spectrum. Wherein, if a normal coordinata barmonic mode is
antisymmetric to some symmetry element within the common pomipgof the anion and
neutral, that mode will have a zero normal coordinate displacemdrbeaconsidered Franck-
Condon “inactive”, contributing very little to the PE spectrum. dudtuinately, the nitroethane
anion and neutral shafg symmetry and all modes must be considered active (nonzero normal
coordinate displacement). The geometry displacemé?i't,s,were defined along the anion
normal coordinate frame and calculated within the FCFGAUS prdgrateveloped by Ervin

and coworkers, they are displayed in Table 5.2 below.
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Table 5.2 - Frequencies (cf) and geometry displacements.

CH5CH,NO," CH5CH,NO, K" /(g/mol)*? A°
Mode? B3LYP Scaled B3LYP Expt® B3LYP

24 H.LRS F.IR.S N/A®
23 210.6 205.6 220.8 221 "o
22 408.4 400.3 594.8 583 -0.8211
21 802.6 793 814.7 805 -0.1564
20 1111.9 1096.1 1152.4 1136 -0.0685
19 1294.5 1258.1 1300.6 1264 0.0365
18 1474.6 1455.5 1490.3 1471 -0.0059
17 3055.9 2940 3117.8 2972 -0.0953
16 3075.4 2918 3119 3001 0.1666
15 276.2 272.9 288.4 285 -0.0156
14 481.5 478 507.7 504 0.1193
13 594.3 625.5 636.6 670 0.0349
12 783.1 776.7 883.2 876 -0.3418
11 992.1 984.7 1003.5 996 0.1051
10 1088.7 1070.5 1120.8 1102 -0.3861
9 1356 1327.8 1356.1 1328 0.0026
8 1211.9 1178.4 1405.9 1367 -0.2372
7 1387.4 1350.7 1434 1396 -0.0719
6 1470 1439.6 1478.6 1448 0.0369
5 1507.3 1472.8 1505.5 1471 0.0393
4 1234.5 1204.1 1615.9 1576 0.0407
3 3004.6 284% 3054 2926 -0.1831

2 2870.7 2769 3082.5 2957 -0.1958
1 3109.2 2979 3141.9 3019 0.0568

2 Modes are labeled in agreement with Groner et &f
® Experimental fundamental frequencies®

°Geometry displacements are defined in terms of thanion normal coordinate vectors.

4 Experimental fundamental frequencies

¢ The character of this mode changes from a hindereiternal rotor (H.1.R.) in the anion to a free internal
rotor (F.I.R.) in the neutral. The calculated K” value for this mode is -2.1095, but the CN torsionds been
treated separately (see text).

" The calculatedK” value for this mode is -0.2337, but it has not beaised in the simulations (see text).
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5.2.2.1 Treatment of Internal Rotors

The GAUSSIAN 03* output gives harmonic modes for all twenty-four vibrational
degrees of freedom. While this is a fair approximation for trentywvtwo modes that do not
correspond to internal rotations the potential energy curve fdaiGf@dCN internal rotors must
be modeled with a periodic potential. Since, at the present tin®GME’ cannot treat internal

rotors it was necessary to treat these modes independently.

The torsional vibrational about tli& bond is a hindered internal rotor@iH;CH,NO;
but is nearly a free rotor iIiH;CH,NO,. This leads to substantial activity in the PES due to the
hindered-to-free rotor transitions, as has been seen in a previmgs at PE study of
nitromethane anion. On the other hand, the potential energy curve ©f ttedor undergoes
very little change upon electron emission which should lead tolitegyactivity in this mode in

the PE spectrum; based on this, we exclude this mode in the Franck-Condon simulations.

The torsional potentials were generated at the B3LYP/6-311-#h8}(2vel by scanning
the dihedral anglejCNX, whereX is a vector perpendicular to the plane oftWe, group andd
is one of theH atoms in the methylene group. This was done for the anion, assvéte
neutral. In the neutral molecule, all other bond angles and distances wesedalh relax during
the scan. This yielded a two-fold symmetric potential with a barrier of 35 ¢ar the anion, as
mentioned earlier, rotation about this bond will lead to a higher erengfprmer, where the
NO, group issynto theCC bond. The part of the anion potential energy curve around the low-
energy isomer was calculated by scanningHX dihedral angle and allowing the remaining
bond lengths and angles to relax at edE€NX dihedral angle. The barrier to isomerisation and
the potential energy curve in the region of the higher energy coafowas generated by

scanning the HCNX dihedral angle while the rest of the geomedsyrestricted to that of the
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lower-energy conformer. This procedure was necessary to piteeemolecular geometry from
reverting to the lower energy conformer during geometry optimizat The potential energy

curves along with the geometries at selected positions are illustratepiie b.3.
Each curve was fitted with the following expansion in cosine terms,

Equation 5.1

m
V(p) = A +Zv, . Cos[L - ¢],
=1
wherem = 6 for the neutral anéh = 10 for the anion. The fits to the potential energy curve are
represented in Figure 5.3. The reduced moments of inertia for torsion arel desfine

Equation 5.2

Ich,cn, * Ino,

IC—N = )
Icn,cn, + Ino,

where the geometries of the ethyl and nitro groups were obtaioged threir lowest energy
structures. Additionallyl-_, was tabulated for all values @fto ensure that the variation of the
reduced moment of inertia was negligible; the results indicateleviation of less than five
percent which is acceptable within the goals of this study. &loalated values for the reduced
moment of inertia (lowest energy structures) for the nitroethamen and neutral are

I._y(anion) = 3.32 - 107*¢ kg-m? andl,_y(neutral) = 3.16 - 10~*° kg-m?.
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Figure 5.2 - Calculated potential energy curves (ales) generated by otation about the CN bond in the
nitroethane anion (lower curve) and neutral (uppercurve). The black line illustrates the fit to eactcalculatec
potential (see text). The filled blue circles reprgent points calculated using a relaxed-geometry stavhile the
filled red circles are points generated by a fixedieometry scan (see text). The different nitroethananior
conformers are illustrated above their respective psitions along the potential energy curve. The aniohas
two isoenergetic conformers separated by a 660 cnbarrier and flanked by a higher energy conformer wth
a large barrier to isomerization. The neutral hasa relatively flat potential nearly coinciding with that of a
free internal rotor.
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As was described in detail earlier in Chapter 4 (and accotditige approach outline by

Spangle}?, the Hamiltonian for the hindered internal rotor is

Equation 5.3

262 2

_ d
H = ——7+ Vip) = _CTa_<p2+ V(o)

where V(g)is the torsional potential (Equation 5.1) ar@ (anion) = 0.844 cm™ for

CH53CH,NO; andCr(neutral) = 0.901 cm™ for CH;CH,NO,. As before, a truncated basis

set of free rotor wavefunctions,

Equation 5.4

——

V2r

is applied to the hindered internal rotor Hamiltionian resulting irfdlhewing matrix elements

in the Hamiltionian matrix,

Equation 5.5

m

§ Vi
H]K = UZCT + A)(S]‘K + ? . 6],Kil'

=1

The matrix is diagonalized to yield the hindered-rotor wavefonstand corresponding energy
eigenstates. A basis set frghs= —20 toJ = 20 was found to converge; the energies for the

anion and neutral hindered rotors are listed in Table 5.3.
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The Franck-Condon factors for the torsional vibration were sintuliateMathematica
(Wolfram Research Inc.) using a newly written program that waatda of simulating hindered-

to-hindered rotor transitions. The Franck-Condon overlap integral is given by,

Equation 5.6

2T 2
FCF(m,n)=Ian Y (@Y (@)de| ;  m=0,1,..,40
0

wherey,, is the wavefunction of thext" neutral hindered rotor),, is then* hindered internal
rotor wavefunction of the anion, afj}, is the Boltzmann weighting of thé”" state in the anion
for a temperature specified in the program. Given the anion andahéutdered internal

wavefunctions are composed of orthogonal wavefunctions this may be simplified to

Equation 5.7

20

20
Y@@ = D (@) D bpip(@) =a-bp- oy

Jr==20 J"'==-20

wherey;, (@) andy;-(¢) are free internal rotor basis wavefunctions. The resultangsition
intensities were imported into PESCAL and convolved with a Gaussiamatch the

experimental resolution.
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Table 5.3 — Lowest Hindered Internal Rotor States

Quantum Neutral Hindered Rotor Energy Anion Hindered Rotor Energy

Number [cm™] [cm-1]
0 7.2 47.1
1 7.2 47.2
2 17.4 140.9
3 17.5 141.5
4 23.3 233.8
5 24.0 236.1
6 28.5 329.0
7 30.9 3324
8 34.1 426.9
9 39.5 429.9
10 40.8 514.1
11 49.5 529.1
12 49.8 586.5
13 61.1 607.1
14 61.2 635.4
15 74.5 702.8
16 74.5 705.6
17 89.7 744.9
18 89.7 781.8
19 106.8 791.5
20 106.8 873.4
21 125.7 896.3
22 125.7 959.9
23 146.3 1043.4
24 146.3 1052.1
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5.4 Results and Discussion

5.4.1 Experimental Results

The spectrum by Bowen and coworKenss taken at a photon energy of 2.540 eV. The
long progression is identified as the excitation into the groundretec state olCH;CH,NO,
and extends from aboGt— 2 eV in binding energy, with a vertical detachment energy of 0.92
eV. Without vibrationally resolved features, it was necessaegtimate the adiabatic electron

affinity based on the location of a discernible threshold, necessitating genecsumes.
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Figure 5.3 - PE spectra of CHCH,NO, at 389 meV (upper trace), 347 meV (center traceand 322 meV
(lower trace) photon energy. The dashed line denes the (@-0) transition corresponding to an AEA of (191
+ 6) meV.

The PE spectra afH;CH,NO; shown in Figure 5.3 above were obtained using photon
energies of 380 meV (3140 &n 347 meV (2800 cif), and 322 meV (2600 ch. The PE

image obtained at 380 meV (3140 tnis shown in Figure 5.4. Care was taken to ensure that
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none of the photon energies used were in the vicinity of any vibrateutaldetachment
resonances ofCH;CH,NO,.2 The spectrum at the highest photon energy reveals three
prominent bands, with the first at9q3 + 5) meV binding energy. Interspersed between the
bands are many weaker transitions without immediately recdgaipatterns. The low-binding
energy side of the spectrum reveals a broad, spectrally stedgeil that extends to a binding

energy of about 75 meV.

Figure 5.4 — PE image obtained at a photon energyf 889 meV (3140 cil). The left half of the image is the
raw PE image. The right half is the BASEX reconstucted image.

The spectrum o€H;CH,NO; - Ar contains two prominent bands, shown in Figure 5.5
below. The features on the low-energy side of the first peaknaany of the interspersed
features seen in the spectrum of b@HyCH,NO, have been strongly suppressed or eliminated.
Their absence from the spectrum indicates that many of thatees are contributions from hot

bands which are suppressed in the spectru@HIiCH,NO; - Ar as a result of the much lower
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internal energy in this anion. The first two prominent peaks irspleetra of both Ar-solvated
and bare nitroethane anion are spaced7ByH7) meV or 695 + 56) cm™. This spacing is in
very good agreement with the experimentally determined enettipe ofitro wagging modev{,

in Table 5.2 above) in neutral nitromethane of 5836 The prominent features are shifted to
higher binding energies by 1 + 7) meV which is in good agreement with the shift observed in
nitromethane €3 +7) meV? and we attribute this shift to the solvation energy of the
CH3CH,NO; - Ar complex. A PE spectrum @€fH;CH,NO; - Ar, exhibited an additional shift
of (55 + 7) meV compared to th€H;CH,NO; - Ar spectrum. The Ar-induced shift in the PE
spectra allows us to identify the contributions from hot bands amghat® band at103 + 5)
meV binding energy to the transition between the ground states oénibe and neutral
molecule (-0 transition). As a consequence, we determine the adiabaticoel affintiy of
nitroethane to belP@1 + 6) meV after correcting for torsional band contour shifts, as dsclus
below. Better assignments of the vibrational features requiraithef the Franck-Condon

simulations which is discussed below.
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Figure 5.5 - PE spectra of CHCH,NO, (upper curve) and CHCH,NO, -Ar (lower curve) taken at 389 meV
photon energy. The arrows and drop lines illustrag¢ the shift of the spectrum upon Ar solvation by (6 £7)
meV.

The PE spectrum of nitroethane shows a very weak featuiz7 at §) meV binding
energy. The intensity of this feature depends on source conditiwhst @an be seen best in
photoelectron velocity distributions (see Figure 5.6 below), wheiw riemarkably sharp and
well separated from the broad background of hot bands at higher bindingesr(egsy, lower
velocities). The broad, spectrally congested tail observed atrhiojhéing energies in the
photoelectron velocity distribution is due to a multitude of overlappindantl transitions. At
a binding energy of 27 meV, there are no hot bands with appreciable intensity, makiligely

that this feature is due to a hot band. Bowen and coworkers deterttmnbthding energy of
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the dipole bound state of nitroethane to be ~ 25 fhelii. agreement with their experimental
binding energy value, we assign the feature observe at 6) meV in our PE spectra to be the
signature of the dipole-bound anion state of nitroethane. This igsheliservation of dipole-

bound state of nitroethane using PE spectroscopy.

intensity [arb. units]

0 50 100 150 200 250 300
binding energy [meV]

photoelectron yield [arb. units]

0 1x10° 2x10° 3x10°
speed [m/s]

Figure 5.6 - PE spectrum of CHCH,NO, taken at a photon energy of 322 meV. The specinus plotted as a
function of electron speed to best illustrate the idole-bound state; the inset shows the PE spectrums a
function of binding energy. In each spectrum the ighole-bound state is labeled “D”.

Based on our measurement of the adiabatic electron affinity, tabatidiC-NO, bond
dissociation energy,BDE;_yo, = (0.539 £ 0.012) eV can be determined from other

thermodynamic quantitié$ 2% in the thermochemical cycle shown in Figure 5.7 below. The
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effect of the excess electron in the antibonding orbital of theetitane molecule serves to
destabilize th&€N by ~ 2 eV. The strong similarities in the electronic stmecbf nitromethane
and nitroethane anions, in which the electron is largely locabrethe NO, group, result in
almost identicalC-NO, bond energies with thé-NO, bond in nitromethane anion, as recently

calculated by Sanost al?®

CH,CH, + NO,

A
(2.671 + 0.017) eV32 (2.273 + 0.005) eV
A
CH,CHNG, (0.589 + 0.019) eV i

(0.1910.006)eV Gy o NG -

Figure 5.7 - Thermochemical cycle for the determinégon of the C-NO, bond dissociation energy, BDEno,, in
nitroethane anion.

5.4.2 Threshold Effects and Angular Distributions

As outlined in Chapter 2, the approach by Reedl?® utilizes symmetry arguments to
extend Wigner's Threshold laf¥sto near-threshold photodetachment of molecular anions,
offering insight into the dominant symmetry-allowed partial wave®wever, two issues arise

in applying this to nitroethane: the anion and neutral share no commaomesyrand the dipole
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moment of CH;CH,NO, is supercritical (i.e., capable of supporting a dipole-bound state; the
dipole moment is34 £+ 0.2) D). Wigner’s threshold law for photodetachment is founded on the
idea that the longest range potential will dictate the behavitteotross-section at threshéfd.

In photodetachment, in the absence of a dipole moment, the longespodegieal that exists is
that of the centrifugal barrier and will therefore dictdte threshold behavior. However, if a
dipole is present the long-range term that dictates the sexs®n will be the sum of the two
potentials. In past experiments OH™ it has been shown that the dipole moment was important
in determining the threshold behavior and led to a modification in tdinig term in the
threshold law?® Characterizing the contribution of the dipole is impracticalsioch a large
molecule as nitroethane anion and is well beyond the scope ofutlis sHowever, inspection

of the angular distributions should yield some insight into the pavéiges contributing above

threshold, giving us a sense of the leading term contributing to the crassrsect

Analysis of the angular distributions in photodetachment &g CH,NO; at different
kinetic energies (see Figure 5.8 below) reveals an isotropidbdistn (5 = 0) at low kinetic
energies and an increasing anisotropy parameter as the kimetgy encreases. This behavior
indicates thats-wave detachment dominates at low kinetic energies but contribuftioms

higher-order partial waves become significant at larger kinetic esergie
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Figure 5.8 - Anisotropy parameters as a function oklectron kinetic energy obtained at different phobn
energies where solid circles, hollow circles, andiangles represent parameters from images taken gthoton
energies of 389 meV, 347 meV, and 322 meV, respeely. The error bars are conservatively estimatetb be
+0.1.

The dominance of the-wave contribution at low kinetic energy implies that the leading

term in the threshold law is proportionalﬁ’ééz. However, the increase @f at higher kinetic
energies indicates that higher angular momenta also play.aAsla direct result of threshold
effects, the relative intensity of hot bands increases at lpieton energies. This has been
observed in several other studfed® including a previous study on nitromethane anion. The
inclusion of threshold effects will be necessary to accurat@geinthe PE spectrum in the

Franck-Condon simulation.
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We note that the signature of the dipole-bound state can haveifcargly different
anisotropy parameter than signatures of valence anion statesomiparable kinetic energies.
However, the signal-to-noise ratio in our PE images is inseffido obtain a reliable anisotropy

parameter for this feature.

5.4.3 Franck-Condon Simulations

The PE spectra revealed three prominent peaks with weakesitias interspersed
between them, superimposed on a congested, broad background of unresolsiéidns. In
order to assign the most important contributions to the PE spectrantkFCondon simulations
were performed and compared to the PE spectrum recorded at 389 meW @hertgy since this
spectrum captures the most transitions in the present study. imbiatons revealed 136
transitions within at least 1% of the intensity of the- 0 transition in this small spectral
window, in addition to more numerous, even weaker transitions, explathmgspectral

congestion.

Our tentative assignment of two transitions #3(+ 5) meV and 267 £ 5) meV
belonging to the(@ « 0) and ( « 0) transitions of the nitro wagging mode, (see above) are
confirmed by the Franck-Condon simulations. The prominent peal6éatH 5) meV can be
assigned to overlapping features of the- 0) transition of the symmetric NGstretching mode,
vg, and the combination band arising from tHe< 0) transition ofv,; and the { < 0)

transition ofv,,.

Many of the weaker features observed in the spectrum are iddrdasi originating from

hot bands, consistent with their suppression upon argon solvation. The maioutionts from
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hot bands are based on tile< 1) transition of the CCN bending modeg; and on the( « 1)

transition of the nitro wagging mods,.
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Figure 5.9 - Experimental PE spectrum taken at a pbton energy of 389 meV (open circles) along with
Franck-Condon simulations performed with the incluson of the hindered-to-free internal rotor transitions
(solid line) and in their absence (dotted line). fe inset is centered about the ¢-0) transition and includes a
stick spectrum of the individual calculated transitons to emphasize the contribution of the hinderede-free
CN rotor transitions to the peak profile.

In principle, Franck-Condon simulations can be performed without imguthe CN
torsion. However, as a result of its exclusion the simulations wstaeage the width of many of
the prominent features and fail to recover the broad background of weckdohnsitions.
Broadening the simulated spectral resolution instead of accodotil@N torsion does not lead

to a better description of the spectrum. In order to accuratelylege the spectrum it was
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necessary to include the transitions involving the changing ckaraicthe CN torsion from a
hindered to a nearly free internal rotor. Incorporating thesesittons leads to combination
bands of the CN torsional transitions with each vibrational featibhservable in the spectrum.
These combination bands are not individually resolved in our PE specuaro the large
reduced moment of inertia for the CN torsion. Instead, these hihttefese torsion transitions
superimpose a profile of each individual vibrational transition. One tapoconsequence is
that the peak of the profile of each (non-torsional) transition gedhby +(1.9 + 1) meV
towards higher binding energies and broadened asymmetricaflyF(gare 5.9 above). This
serves to broaden the peak of transition to the observed width Wwhileings of the torsional
profile add to the broad background. As mentioned above, the individuatitnansare too
closely spaced to be resolved in our experiment; however, the swédhs fit upon inclusion of
the internal rotation strongly suggests that the torsionalitiams are responsible for much of
the broadening and congestion in the spectrum. The shift in the profile of eachotmansist be
accounted for in the determination of the adiabatic electron #ffirom the experimentally
observed « 0 transition and has been included in the adiabatic electron affinigsatported
in the present work. It should be noted, given the uncertainty in thierbaeight for internal
rotation in the neutral, that the simulation was also performeda foindered-to-free internal
rotor transition; the results indicated that the peak profildisevel of uncertainty, was stable

to small changes in the barrier height.

As discussed above, the intensities of the features may be written as

Equation 5.8

Iv’,v"(EK) X FCFv',v" ) ﬁ(EK);
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whereFCF, . are the Franck-Condon factors for a particular transitiondgfg) describes the

modification of the photodetachment cross section by threshold efféct$owing a pures-
wave threshold law in absence of a dipole moméqEy) is proportional toE,i/z, while

9(Ey) o« E/* for purep-wave detachment. Simulations were performed for these twshthice
laws and without taking threshold effects into account. As Figure hd@ss the unscaled
simulation overestimates the bands at higher binding energy duekimetic energy) while the
p-wave simulation underestimates them. The best fit was achiguegiriy ans-wave threshold
law but this fit still slightly misrepresents the interestiof the low kinetic energy bands.
Interestingly, at low kinetic energy the best fit would bferaled by a function that rises faster
thanE,i/z. This behavior mirrors observations by Lineberefeal 2% for OH™ that indicated the

presence of a dipole potential modified the leading term of thehiblick law such that the cross

section rises faster than Wigner’s fd\in the absence of a dipole moment) would predict.
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Figure 5.10 - Experimental PE spectra taken at a phton energy of 389 meV (open circles) along with ¢h
Franck-Condon simulations performed without threshdd scaling (dash-dotted line), scaled by ¥ (dotted
line) and scaled by B? (solid line). The sequences marked in the spectruare based on the nitro wagging
mode v,, with transitions n<0 (series A) andn«1 (series B).

The spectrum was found to be well represented at a simulangoetature of 250 K,
similar to the previous PE study conducted in our laboratory on nithametaniori. This
temperature recovers the transitions based on the CCN bendi@® @nd the nitro wagging
(10) hot bands. However, the{D) transitions for both of these modes were underestimated
by the simulations. Interestingly, a similar effect hasnbebserved in the PE spectra of
nitromethane anion. In the present case, these features coul@daffitt temperature of 350 K

but the resulting fit is not consistent with the rest of thespéctrum. Given the similarities of
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nitromethane and nitroethane anion (i.e., namely that the excessreléatalized on the NO
group, leads to almost identical distortions about the nitrogen)likely that when sufficient
internal energy is pooled in the rotor and wagging modes of the me|abeal potential energy
surface is poorly recovered within the independent harmonic oscillgoroximation, thus
leading to an inadequate recovery of the spectrum within the apptmasiaused for the
Franck-Condon analysis. We should note that the higher simulationregarpecannot account

for the feature assigned to the dipole-bound state.

5.5 Summary

Near-threshold PE imaging spectroscopy has been used to obt&& thgectrum and
angular distributions of Ar-solvated and bare nitroethane anions. Téleatidielectron affinity
is determined to bel91 + 6) meV, providing the most precise and accurate value to date. The
adiabatic electron affinity was utilized in a thermochemumalle to establish &€-NO, bond
dissociation energ\BDE¢_yo, = (0.539 + 0.012) eV, for the nitroethane anion. We were able
to characterize many of the vibrational features observed iREhgpectrum. The most intense
features are due to progression of the nitro wagging mode of Inaiitcethane. In close
analogy to the case of nitromethankjndered-to-free internal rotor transitions in the CN
torsional coordinate were identified to be the origin of much of thetrshecongestion and of
torsional broadening of vibrational features. Angular distributions itedithat s-wave
detachment dominates at low kinetic energies but contributions frginerhorder partial waves
become significant at higher kinetic energies. We observe fiiedbound anion state of
nitroethane as a very weak feature 2it £ 5) meV, consistent with earlier Rydberg electron

transfer studie$.
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6 Photoelectron Spectroscopy of 1-Nitropropane and 1-Nitrobutane

anions

6.1 Introduction

In a macroscopic system, the emission of an electron from hot, ioraby excited
matter is characterized as thermionic emissidh. As one moves to smaller systems, the
emission becomes less statistical, necessitating a molededaription in which sufficient
vibrational excitation facilitates a breakdown of the Born-Oppenéreisading to vibrational
autodetachmerit. The nitroalkane anions are an intriguing group of molecules thatssosse
sufficiently small adiabatic electron affinities (AEA) tndergo vibrational autodetachment
following the excitation of a fundamental CH stretching mbdeA photoelectron spectroscopy
study used to monitor vibrational autodetachment from the simpléisésé¢ nitroalkane anions,
nitromethane anion, revealed substantial non-statistical contributmrihet photoelectron
spectrunt An expansion of this study to the larger nitroalkane anions psoted to tend
towards electron emission modeled more accurately as atistdtiprocess. A step-wise
approach (adding on€H, at a time) can offer some insight into the boundaries oh eac
theoretical description of the electron emission. An important psopethe description within
either theoretical description is the AEA. This has been detedior the smaller nitroalkanes,
nitromethane and nitroethafi€. The focus of this chapter will be to determine the AEA of the

larger nitroalkanes, 1-nitropropane (1-NP) and 1-nitrobutane (1-NB).

At present, there only a few studies performed on 1-NP and 1-NB. The infpaadus

of 1-NP and 1-NB anions has been determined by Schnetidér and several studies infrared
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studies of neutral 1-NP have been performed in the liquid fhaseach of these molecules is
expected to have several stable conformers in the anion as el msutraf: ° In this chapter,
we will present photoelectron spectra for bare and argon solvat€tdand 1-NB anions which
are used to determine the AEA of each neutral molecule. wilise followed by a discussion
of the various stable conformers found usahginitio theory and their relative populations in the
anion beam. Franck-Condon simulations are presented for the stable@miommations in an
attempt to identify the conformer that accounts for the majofitthe Franck-Condon profile
intensity. Finally, an anomalous feature appearing at a fixedti&i energy in the bare

photoelectron spectrum of both 1-NP and 1-NB anions is discussed.

6.2 Computational Details

6.2.1 Ab Initio Calculations

In both CH;3(CH,),NO3; andCH3(CH,),NO3, a number of stable conformers, as well as

their enantiomers, can be generated by internal rotations abo@Nheond or various CC
bonds. It is possible that in our experiment several of the conforamerpresent as the
temperature of our ions is estimated to be approximately 250dGgaested by previous studies
on nitromethane and nitroethane anions under very similar source conditionBensity
functional theory (DFT) calculations were performed using thek®&®8elLee-Yang-Parr
(B3LYP) hybrid functiond® ' using the GAUSSIAN 0% software package. The 6-
311++G(2if 2p)** “basis set was used for the anion and neutral of 1-NP while coropstfar

the larger 1-NB utilized the 6-311+@)p) basis set for the anion and neutral. Various stable

conformers were found for both anionic species. The stability \wrale conformers, with
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respect to isomerization from internal rotation about the CN bondestablished by carrying
out relaxed scans, employing a 6-311++d3fP basis set for 1-NP anions and a 6-311G{2
basis set for 1-NB anions. Each scan was performed by scameingGNX dihedral angle,
where X is a vector perpendicular to the plane of the §fGup and H is one of the H atoms on

the adjacent carbon, while allowing all other distances and angles to relax.

Franck-Condon profiles for 1-NP and 1-NB anions were simulatedyube PESCAL
program, developed by Ervin and cowork&rs. All vibrational degrees of freedom
corresponding to the hindered internal rotations were excluded fle Franck-Condon
simulation as they are poorly represented in the harmonic ¢scilgproximation. The
remaining vibrational degrees of freedom were treated as indepdmalenonic oscillators and
used to generate Franck-Condon factors. Duschinsky rdfatias taken into account using the
Sharp-Rosenstock-ChEn*® recursion method as implemented by the FCFGAUSO03 program,
also developed by Ervin and cowork&tsThe spectra were simulated as a function of electron
velocity, and later converted to spectra as a function of kinebndmg energy, with a velocity

resolution of 5000 m/s.
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6.4 Results and Discussion
6.4.1 Experimental Photoelectron Spectra

6.4.1.1 1-Nitropropane Anion

Several photon energies were used to capture the photoelectron spEct-NR anion:
273 meV (2200 ci), 329 meV (2650 cif), 368 meV (2968 cit), 393 meV (3170 cif) and
2.331 eV (532 nm). The higher photon energy PE spectrum was chosen totlobtantire
vibrational progression belonging to the electronic ground stateeafi¢utral, while the spectra
obtained at lower photon energies (and correspondingly high resolutioa)used to identify
any important vibrational bands and to measure the adiabatic electron affirskyuld be noted
that the mid-infrared photon energies were chosen to avoid contributimms vibrational

autodetachment resonances of the 1-NP ahion.

The spectrum taken at 2.331 eV, shown in Figure 6.1, reveals an unresolvédnabra
progression extending to ~1.5 eV. The maximum of the spectrum, andotkeitsf vertical
detachment energy, is found &92 + 0.05) eV. The origin of the vibrational progression
cannot be determined from this spectrum. Some vibrational strunyebe seen in the high
binding energy region of the spectrum (which corresponds to relatoxelkinetic energy where
the resolution is best for the spectrometer); the featurasagaly spaced by40 + 150) cm
! but in light of anharmonicity effects at high vibrational quantum nusnhed the possibility
that several vibrations could be contributing to the observed pattdtar kesolution is needed

to determine what vibrational modes are active.
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Figure 6.1 — Photoelectron spectrum of 1-NP anionbtained at a photon energy of 2.331 eV.

The low-energy photoelectron spectra are presented togethgune B3 as functions of
electron kinetic energy and electron binding energy. At binding eseafpove ~ 100 meV, all
spectra exhibit a largely unresolved plateau. The first shap genmon to all spectra (labeled
“A” in Figure 6.3) is observed at a binding energy 2z#3 + 6) meV with a second peak (“B”)

observed consistently a296 + 5 meV). The spacing between the first two feature§3s+

7) meV or 689 + 56) cm.
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Figure 6.2 — Photoelectron image of 1-NP taken at ghoton energy of 329 meV (2650 ch). The labels “A”
and “B” denote two features that are consistently bserved at the same binding energy. The label “F”
denotes a prominent feature found at a fixed kineti energy in the spectra taken at photon energies @29
meV (2650 crit) and 368 meV (2968 cif). See text for more details.

Curiously, an additional prominent feature (“F”) appears at eledinoding energies
below 220 meV in the photoelectron spectra taken at 329 meV and 368 me\élettren
binding energy determined for this anomalous feature varies, but itsshd&metic energy of
(165 + 5) meV in both spectra, i.e., independent of photon energy. Featuns ttearly

coincident with feature “A” in the PE spectrum taken at 393 meV photon energy.
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Figure 6.3 - Photoelectron spectra of 1-NP anion kan at photon energies of 393 meV (3170 ¢y 368 meV
(2968 cm'), 329 meV (2650 ci), and 273 meV (2200 ci, from top to bottom. The spectra on the left are
presented as a function of binding energy while thepectra on the right are graphed as a function dfinetic
energy. The labels “A” and “B” denote two featuresthat are consistently observed at the same binding
energy. The label “F” denotes a prominent featurdound at a “fixed” kinetic energy in the spectra tken at
photon energies of 329 meV (2650 chhand 368 meV (2968 cif). The dotted line in the spectra on the right
indicates a kinetic energy of 165 meV (see text féurther details).

The spectrum o€H;(CH,),NO; - Ar obtained at a photon energy of 393 meV showed
only two prominent features, as may be seen in Figure 6.4. aha&ds on the low binding
energy side of the bareH;(CH,),NO; photoelectron spectrum have been strongly suppressed.
We attribute the residual signal in that region to the featbeerved at fixed kinetic energy,

which also seems to have been suppressed in this case. The gpatiagtwo prominent

features corresponds to the spacing of the two prominent featuneshe bare PE spectrum.
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Vibrational spectroscopy on liquid and solid 1-NP revealed bands at 58Gmthat 602 cih
present in both phases, that have been identified as the out-of-plane behditign of the
nitro group (or nitro wagging mode) for two different conformatidrihis energy range is
compatible with the spacing of the two prominent features at emyef 689 + 56) cmi’. In
view of the prior observation of this mode as a prominent Franck-Contlee amde in the PE
spectra of smaller nitroalkane anidh&’ we assign feature “A” to the « 0 transition and “B”
to thel « 0 transition of the nitro wagging mode in 1-NP. Features “A” éiddre shifted by
(56 + 7) meV upon Ar solvation; we attribute this shift to the solvatiomggnef argon. It is in
good agreement with the corresponding shifts observed in the PE spfenti@methane and
nitroethane anions upon argon solvafioh.Identification of the Ar induced shift of the spectral
features and the suppression of the hot bands in the PE spectrum of slodvated anion

corroborates the assignment of the feature locat&2at £ 6) meV to the ( < 0) band.
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Figure 6.4 — Photoelectron spectra of bare 1-NP ami (upper curve) as well as argon-solvated 1-NP am
(lower curve) taken at a photon energy of 393 meV.The arrows represent the shift of the spectrum byn
energy of (56 £ 7) meV upon argon solvation. Thealbels “A” and “B” denote two features that are
consistently observed at the same binding energy the bare 1-NP anion spectra.

6.4.1.2 1-Nitrobutane Anion

A similar protocol as described for 1-NP was followed for B-Bnion with several
photon energies chosen to capture the low binding energy portion assvile# entire the entire
vibrational progression belonging to the electronic ground state of thehe&29 meV (2650

cm™), 384 meV (3100 cif), 404 meV (3260 cif), 424 meV (3420 cit), 444 meV (3580ci),
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and 2.331 eV (532 nm). Again, all mid-IR photon energies were choseritb iafluences

from known vibrational autodetachment resonances.

The photoelectron spectrum obtained at 2.331 eV, shown below in Figure 6.5 eveal
extended, vibrationally unresolved progression, similar to the cds&lBfanion and nitroethane
anion?* The vertical detachment energy is found at a binding energy8sf ¢ 0.05) eV. At
high binding energies, there are some irregular spaced featugggestive of vibrational
structure. As in 1-NP anion, th@ & 0) transition cannot be unambiguously determined from

the spectrum taken at high photon energy.

photooelectron yield [arb. units]
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Figure 6.5 — Photoelectron spectra of 1-NB anionbtained at a photon energy of 2.331 eV.

The low-energy, bare 1-NB anion photoelectron spectra arenpeds@ Figure 6.6 as a

function of both electron kinetic energy and electron binding energy. Thesspeetremarkably
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similar to the spectra of 1-NP anion with two prominent features at constamigoardirgies and

an anomalous feature that appears at constant kinetic energypeaiimposed on a vibrationally
unresolved background that extends down to approximately 125 meV binding.ererte
spectra of 1-NB anion the anomalous feature is clearly obsenadidohbton energies, always at

a constant kinetic energy ofd5 + 5) meV (the same kinetic energy as the anomalous feature
observed in 1-NP anion), as shown by the dotted line in FigureThé.other two features are
spaced by an energy of4 + 15) meV or 698 + 120) cm* with the first feature located at a
binding energy ofZ40 + 6) meV. Again, based on the similarity of the photoelectron spectra
of all of the 1-nitroalkane aniofisye assign the first two prominent bands to a vibration that is
largely characterized by the nitro wagging mode in neutral 1-WBe subject of the anomalous

feature will be discussed below.
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Figure 6.6 - Photoelectron spectra of 1-NB anion gthoton energies of 444 meV (3580¢th 424 meV (3420
cm?), 404 meV (3260 cM), 384 meV (3100 cm), 329 meV (2650 cif), from top to bottom. The spectra on
the left are presented as a function of binding emgy while the spectra on the right are graphed as &nction
of kinetic energy. The labels “A” and “B” denote two features that are consistently observed at the same
binding energy. The label “F” denotes a prominenfeature found at a “fixed” kinetic energy in the sgectra.
The dotted line in the spectra on the right indicags a kinetic energy of 165 meV (see text for furthaetails).
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Figure 6.7 - — Photoelectron image of 1-NB taken a@t photon energy of 384 meV (3100 ¢ The labels “A”
and “B” denote two features that are consistently bserved at the same binding energy. The label “F”
denotes a prominent feature found at a fixed kineti energy in the spectra. See text for more details

A PE spectrum o€H;3(CH,),NO; - Ar was taken at a photon energy of 384 meV (3100
cm?), shown along with the bare 1-NB anion spectrum in Figure 6.8. Thrispeshows a
strong suppression of the hot bands and only one prominent feature. Thengseshich of
the features observed in the spectrum of the bare anion correspahds(@a—- 0) transition.
The argon solvation energy has been observed to be around 60 meV forltbelsm#aoalkane
anions® and it is reasonable to assume that this continues to be théocdssB. In addition,
the anomalous feature observed in the spectrum of 1-NP was sugpugsse Ar solvation.

Based on these observations, we assign the feature obser2dd at (6) meV binding energy
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in the spectrum of bare 1-NB anion to tlie<f 0) transition. It is shifted by57/ + 7) meV

upon Ar solvation.

photoelectron yield
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Figure 6.8 — The photoelectron spectrum of bare 1Bl anion (top curve) and argon-solvated 1-NB anion
(bottom curve), taken at a photon energy of 384 meV The arrow is used to illustrate the shift of tie 0—0
feature. A “F” is placed above the anomalous featw and an “A” is placed above the feature corresporidg
to the 0—O0 transition.
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6.4.3 Stable Anionic Conformers

6.4.3.1 1-Nitropropane Anion
In order to perform FC simulations, we first have to determihielwof the conformers
of the anions under study are likely to be populated in the experinmedtNP, five stable

conformers were found as shown in Figure 6.9.
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Figure 6.9 - lllustration of the various conformersof the 1-NP anion generated from rotations abouthte CN
or central CC bond, their relative energies, and tkir population relative to the lowest energy confamner,
according to a Boltzmann distribution. H1 and H2 ae consistently defined but arbitrary designationsto
distinguish the hydrogens. The key at the top demes the atoms H1 and H2. The conformers outlineit red
are excluded in the Franck-Condon simulations, sediscussion for more details.
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The conformers can be characterized by (&N dihedral angle and further
distinguished based upon the bond thatyisto theNO; group C1H or C1C2). The relative
populations, according to a Boltzmann distribution, are given for eaclrowetion in Figure
6.9. These suggest that only the two lowest lying conformersikalg to be significantly
populated in the beam. Additionally, calculations of the different cords indicate that the
excess electron in nitroalkane anions is stabilized by delatalizinto thes* orbital of theCH
or CC bond that isynto the nitro group. For the conformer in which @i bond issynto the
nitro group, this leads to a large red-shift in @ik stretching vibrational mode largely described
by the motion of the destabiliz€dH bond. This effect has been both simulated and observed in
the IR spectra of all the nitroalkane aniGrimportantly, calculations suggest that this shift will
not be observed for any of tlaél vibrational modes for the conformers in which @tebond is
synto the nitro group. The spectra obtained by Schneidal’ did not identify all of the bands
in the IR spectrum of 1-NP anion, but any conformers withCthé&ondsynto the nitro group
would have a distinct vibrational band corresponding to the unshiftedstretch. Upon
sequential argon solvation the infrared spectrum remained relatigelyanged. The presence
of the argon ensures that the temperature of the targetrghikie. The contribution of the two
higher-energy conformers in which tB€ bond issynto the nitro group should be suppressed.
Since no significant change was observed in the IR spectrum upam solyation, we find it
safe to say that the two highest energy conformers are reginpreThe decision to exclude the
conformer at a relative energy of 512 tmas based upon relaxed scans (described in detail in
section 6.2.1). These scans revealed a relatively small, ~I®®amer to isomerisation to the
lowest-energy conformer. We expect that within the ion sourcen apectron attachment

molecules in which th&CCC dihedral angle is initially 60° will readily isomerize to tlosvest
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energy conformation. On these grounds in addition to the low predicted popuee exclude

this conformation from further analysis.

6.4.3.2 1-Nitrobutane Anion

The 1-NB anion has twelve stable conformations generated byahtetations. Five of
the higher-lying conformers, corresponding to the conformations in wichN@ group issyn
to the CC bond, are not considered as they are not consistent witlfréined spectrum of 1-NB.
The remaining seven conformations are illustrated in Figure 6.1t akoth their relative

energies and relative populations, according to a Boltzmann distribution.

Of the seven remaining conformers, the three highest energy ro@néoare excluded
simply on the basis of their negligible populations according tBdhzmann analysis. Relaxed
scans (described in more detail in Section 6.2.1) indicated that trerroenfat a relative energy
of 410 cm'® possesses a relatively small barrier of ~ 115" ¢misomerisation to the lowest
energy conformer. Based upon this we exclude this conformation agpeet this conformer

will readily isomerize to the lowest-energy conformer.
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Figure 6.10 - Diagram of the stable conformers alan with their relative energies, excluding the
conformations in which the CC bond issynto the NO, group. Their population relative to the lowest engy
conformer, according to a Boltzmann distribution, 5 denoted in the parentheses. H1 and H2 are cortisistly
defined but arbitrary designations to distinguish he hydrogens. The key at the top denotes the atord and
H2. The conformers outlined in red are excluded irthe Franck-Condon simulations, see discussion fanore
details.

6.4.4 Franck-Condon Simulations

Franck-Condon simulations were performed for the conformers of AAdA.-NB anions
(discussed above) that were assumed to potentially make saghifcontributions to the
photoelectron spectra of the anions. The photoelectron spectra for basspe low photon

energies, have several features superimposed on a vibrationadigolved and congested
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background. To recover every detail of the spectrum would be exhaufstigssible, and is not
necessary to explain the experimental spectra. The purposesefdineulations is to identify
which conformers best represent the experimental photoelectrotraspeGiven that the
photoelectron spectra of nitromethane and nitroethane anions werepveliented with little to
no adjustments of the displacements determined with similar aaémg we assume the direct
output of our simulations is sufficient for a first-order simulafidhlt should be mentioned that
the entire band of the photoelectron spectrum was not fitted asetltengmber of active modes

becomes too computationally expensive.

Calculations were also performed to identify the stable neatmaformers for each
molecule. The number of neutral conformers decreases, relatigeatmionic counterpart, since
there is only one stable orientation for the nitro group aboutChhebond. Two stable
conformers were found for 1-NP and five were found for 1-NB. dhlithe stable neutral
conformers, for each molecule, are separated by large satigeinternal rotation about tiG€
bonds. As the neutral conformers are well separated, each stéadahe canformer will be

simulated only with the neutral conformer with a matching geometry falkiame chain.

6.4.4.1 1-Nitropropane Anion

Simulations were performed, using an anion temperature of 250 Kiefdwb calculated
lowest energy conformers of 1-NP anion (see Section 6.2.1 for dmtlssnd compared to the
experimental photoelectron spectrum of 1-NP anion taken at a photory eh@&8 meV (2968
cm?). The simulations were performed without the inclusion of the ffitst energetically low-

lying vibrations as they all had significant character ofttmeional modes. The nitro wagging
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mode was adjusted to 589 ¢ms this was the value extracted from the experimental PES.

threshold scaling factor dfy’* 2> 2whereEy, represents the electron’s kinetic energy was used

as it has been found to be necessary in previous near-threshold phatoespectroscopy
studies of the smaller nitroalkane aniGnsThe simulations are shown in Figure 6.11 below

along with the experimental photoelectron spectrum.

The Franck-Condon simulation of the lowest-energy conformer y&Msy congested
spectrum with little Franck-Condon intensity at the- 0 transition or at lower binding energies.
The simulation suggests that the unexpectedly intense and conlgigstedbinding energy side
of the experimental spectrum could be, in part, due to the presetiie cbnformer. However,
the torsional mode around ti& bond axis has been observed in nitromethane and nitroethane
anion to contribute significantly to spectral congestion and weeaxthis to be of similar

importance here.

The simulation of the higher-energy conformer achieves a mubér lagireement with
the prominent features of the experimental PES, as it has aamstidisbverlap with the
experimentally identified « 0 transition and the intensities of the two largest featares
intense enough to be clearly observable through the congested backgkalditionally, if the
numerous combination bands with the torsional modes (not included in rthutason) were
accounted for, it appears that the active transitions would seraaeasonable manifold which
could approach the shape of the observed PES. These simulationsrgrksticsrepresentation
of a very complex and congested spectrum. We conclude that thatsamsilsuggest that the
conformer calculated to be at higher energy is responsible fawthprominent features in the
photoelectron spectrum, and therefore is the conformer that gieewora AEA of 223 + 6)

meV.



125

Q'w
Sy

IR R

—
e

XD

Q A
220
SEZTY

258
e
=

photoelectron yield [arb. units]

RN

0 50 100 150 200 250 300 350

electron binding energy [meV]

Figure 6.11 — The Franck-Condon simulations of théwo lowest energy conformers of 1-NP anion, usingna
anion temperature of 250 K. An inset in each graphllustrates the 1-NP anion conformer along with i
relative energy. The open circles, solid lines, dnbars represent the observed, simulated curve, anthe
individual transitions.
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6.4.4.2 1-Nitrobutane Anion

Franck-Condon simulations were performed using an anion tempera266 & for the
three conformers discussed in Section 6.4.3.2. The nitro wagging madadjusted to the
experimentally observed value of 598 trand the five lowest energy vibrational modes were

excluded from the analysis as they are all strongly chaizeteby torsional motion. Just like

for 1-NP, the simulations were alll scaled]i’;yz. The simulation for each conformer is shown
in Figure 10 alongside the experimental photoelectron spectrum obtdiaephoton energy of

384 meV.

The Franck-Condon simulations of the 1-NB conformers results in hetlowest and
highest energy conformers yielding congested spectra withtlit no Franck-Condon intensity
for the experimentally identifiefl « 0 transition. The conformer second lowest in energy best
represents the experimental spectrum as it has a substariah thed < 0 transition and the
1 « 0 transition of the nitro wagging mode. As was the case if°,lthe assignment of the
conformer responsible for the prominent features in the photoelectramuspes by no means
definitive, given the simplifications employed in the analysisthWhis in mind, the simulations
indicate that the higher-energy conformer is responsible for tbeptaminent features in the

photoelectron spectrum, and therefore is the conformer that gives rise to aof #E2A + 6).
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photoelectron yield [arb. units]

electron binding energy [meV]

Figure 6.12 - The Franck-Condon simulations of thehree lowest energy conformers of 1-NB anion, usingn
anion temperature of 250 K. An inset in each graphllustrates the 1-NP anion conformer along with is
relative energy. The open circles, solid lines, dnbars represent the observed, simulated curve, anthe
individual transitions.
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6.4.5 Angular Distributions
The photoelectron angular distribution for single-photon detachment méarly

polarized light is described by the functioi®

Equation 6.1
1(6) = —[1 + BPy(cos )],
4
whered is defined by the angle between the laser polarization anentiesion angleg is the
total photodetachment cross sectiBjxcos 8) is the second-order Legendre polynomial, And
is the anisotropy parameter which varies from -1 to 2. Tlyelandependence is defined By

and is found by fitting Equation 6.1 to the reconstructed image over a desiredfaadie

While the anisotropy paramet@rdoes not lend itself to a straightforward interpretation,
in the case of photodetachment from anions, it carries the sigoatine electronic nature of the
detachment transitioff,and features belonging to the same electronic transition usxailyit a
smooth behavior if. Therefore, the anisotropy parametaran hint at anomalous behavior in

the electronic transition that leads to observed features in experimen{z@®Ea s
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Figure 6.13 — Plot of the fitted anisotropy paramedrs, B, as a function of kinetic energy for the four diferent
lower-energy photon wavelengths used in the studyf &-NP anion (gray lines) as well as their averag@ark
black line). The dashed line is located at a kinetenergy of 166 meV.
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Figure 6.14 - Plot of the fitted anisotropy paramegrs, B, as a function of kinetic energy for the five diférent
lower-energy photon wavelengths used in the studyf -NB anion (gray lines) as well as their averag@lark
black line). The dashed line is located at a kinetenergy of 166 meV.

The plot of the anisotropy parameters is very similar for bdiiPland 1-NB anions (see
Figure 6.13 and Figure 6.14) and remains relatively stable withategpéhe photodetaching
energy. The beta parameter is insensitive to the two wedvael peaks that appear at constant
binding energy in all of the spectra. The angular distributionasiyhesotropic out to a kinetic
energy of 50 meV at which point both plots exhibit a steady increase in the anjigmrameter.

At an energy of 166 meV, the anisotropy parameter exhibits i@ slexrease. This sharp
deviation of the anisotropy parameter at a kinetic energy ofri®6, which is coincident with
the anomalous feature seen at fixed kinetic energies in d&legdflots, strongly suggests that this

feature is due to a different electronic detachment transition.



131

6.4.6 Remarks on the Anomalous Feature in Photodeta  chment from 1-

nitropropane and 1-nitrobutane anions

The observation of an anomalous feature in photoelectron imagingiwbfiropane and
1-nitrobutane is puzzling. Naturally, the first suspicion one would Isatet this feature is due
to an experimental artifact, but we saw no such feature inpaetiram of nitromethane anion,
which was often used to check the validity of the PE spectiagdthre present study. After a
number of careful tests recording the known PE spectrum of nitnametand reproducing the
experiments on 1-NP and 1-NB on several different days, weoarenced that the anomalous
feature in both spectra is not due to an experimental artifacttheApresent time, we feel
confident that this feature belongs to a detachment procesgtiysdifferent from that of direct
photodetachment but our understanding of the origin of this featur&lysrtadimentary. As
such, we will postpone further discussion of this feature until weahle to obtain a more

detailed understanding of its origin.

6.5 Summary

We have studied the photoelectron spectra and angular distributionslofN\fheand 1-
NB anion at several photon energies. The relatively high-energgglaotron studies were able
to capture the entire vibrational progression corresponding to theoelecground state of the
neutral. From these, vertical detachment energie8.92 ¢+ .05) eV and (.88 +.05) eV were
established for 1-NP anion and 1-NB anion, respectively. We hagerdeéd a new value for
the adiabatic electron affinity of 1-NP &2@ + 6) meV and 240 + 6) meV for 1-NB. We
utilized ab initio calculations to establish the stable conformers of each anion guidyeih

Franck-Condon simulations to identify what conformations could be resp®nfblthe
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empirically determined AEA’s. Finally, an anomalous feature appg at a constant kinetic

energy was shown to have significantly different anisotropy paeamedicating that it

originates from a different electronic transition.
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7 Vibrational Autodetachment Photoelectron Spectros copy of

Nitromethane Anion

This chapter has been reproduced in part with permission from A€amsSchneider, H., and
Weber, J.M., “Vibrational Autodetachment-Intramolecular Vibrationalakaion Translated
Into Electronic Motion.”Journal of Physical Chemistry, 010. dx.doi.org/10.1021/jp105910s.

Copyright 2010 American Chemical Society.

7.1 Overview of Vibrational Autodetachment

All chemical reactions are governed by the nuclear dynawofiasiolecules, in other
words, their patterns of vibrational motion, and any predictive theatéteatment of chemical
reactions needs to describe these motions. Therefore, the wayhwildriational energy flows
through and is redistributed in molecules after excitation hasfisggmti impact on the
understanding of chemical reactions (see, e.g., refs 1 and 2 ).o\aorenergy flow through
nanoscale systems is presently of much interest as technolitiggs progressively smaller

electronic devices which can approach the destruction limit of energyydefisit

Consequently, there has been much work on intramolecular vibrationatreta(IVR)
processes during the last several decades. Much progress has dseenwimich has been
documented in a number of excellent reviews of the fiéfd“Standard models” of IVR are in
existence, which have been used with great success in theimgooel VR in relatively small
molecules’ ' %28 However, the extension to larger systems is still a aigitlg and fertile

area for experimental and theoretical investigation (see, e.g2, s 17, 23, and 29-44).



136

It is important to make a distinction between the relativelypBnnormal mode
description of molecular vibration and the “true” eigenstates ofuthenolecular Hamiltonian.
While providing a reasonable approximation at low vibrational engrtiie “zero-order” normal
mode description is based on the harmonic approximation and therefoeetaahke coupling
between different modes. In contrast, the eigenstates of thdamiltonian are the result of all
forces in the molecule, including anharmonic contributions. They cardam@ed in terms of

the “zero-order” basis.

One important experimental access to studying IVR has beeralogxicitation. Since
the transition dipole matrix for vibrational transitions from theugd state is effectively
diagonal in the zero-order basis, only one of the zero-ordes beses will carry significant
transition strength from the ground state and couple efficientlpgcekciting radiation field.
This is the zero-order bright state (ZOBS), which is natationary state (since it is not an
eigenstate of the system). In a one-photon excitation with né&aodwidth (i.e., relatively long
pulses or cw radiation), the spectrum consists of a series otulaieigenstates. Since these
molecular eigenstates can be represented in the zero-orgerthasntensity of the transition to

a given eigenstate reflects the contribution of the ZOBS to that eigenstate

Often, IVR processes are analyzed in terms of a tier modekwihe energy in the ZOBS
is first transferred by strong, low-order anharmonic coupling ttier” of energetically close
dark states (often called doorway states), from which the erfbogsg into states further
removed (see, e.qg., ref 7 for a review). The densityatés becomes successively greater with
each new tier. Another approach to describe energy flow in motesygiems is in a state space
picture, representing normal mode basis states as lattice poimsltidimensional quantum

number space, where eigenstates typically delocalize oveatieef> * In the condensed
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phase, the energy eventually dissipates out of the molecule intbatting states of the solvent.
In the case of a molecule in the gas phase under single coll@iitions, the only pathways
for relaxation are radiative cooling, electron emission, and dasamtj all of which can be
neglected for nanosecond time scales and sufficiently lowagxeitenergies. Therefore, the
sum of rovibrational energy in the molecule is conserved and onaasarthe lowest frequency
modes of the molecule (e.g., skeletal modes of a long alkane @saiitpath modes”, if the

molecule is large enough.

There is continued interest in IVR as new theoretical meth@ddeameloped and need to
be tested with ever larger molecular spetie® * 4" *8 While IVR processes are in general
gualitatively understood and the theory on small molecules has deacteasonable level of
predictive power, the complexity of anharmonic coupling in larger maecuolakes these

systems formidably difficult to understand.

Experiments at low vibrational energies seem like an obviousingtgpoint, as the
probability of accidental resonances between zero-order modesbhavismall. Moreover,
guantum effects and “non-statistical” processes in IVR wilhimst important at low energies,
while high energies often afford a description on the basisatétstal models. Many groups
have obtained IVR time scales from the line width analysis @xéttation (see, e.g., refs 7, 15-
17, 25, and 49-62) and fluorescence (e.g., refs 63-67) resolution, thesenerpeprimarily
probe the time scales corresponding to the coupling of the varieus’"t The multiple time
scales involved can be extracted from hierarchical analysisesé frequency-resolved spectra.
Another class of experiments on IVR on the ground state electroriacsiemployed pump-

probe ultrafast spectroscopy, both in molecules and clusters (e.g., 88, 32, and 69-72), and
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in liquids (e.g., refs 3, 24, 72-75). In these cases, the coupling tihes sea be obtained from

multi-exponential behavior of the molecular response.

One intriguing group of targets is anions which possess low adiaattron affinities
in which a vibrational mode represents a ZOBS embedded in a continudarko$tates (the
electron emission continuum). Vibrational autodetachment (VAD) canrd€dhe electron
binding energy of the excess electron in an anion is comparableless than the energies of

some of its vibrational modes.

The conceptual and theoretical foundation for auto-ionization in nentiagicules and
autodetachment was laid as early as 1966 by B&rryheoretical studies of autodetachment
from anions by Simons and co-workgr<® followed some 15 years later, prompted by early
studies of Brauman and co-work&&® and Beauchamp and co-work&f® on vibrational
autodetachment from multiphoton excitation of anions. The VAD approachdideen widely
used for spectroscopic purposes. One of the first spectroscopic sstimdiestigating
rovibrational autodetachment was performed by Lineberger and ke where the excess
electron fromNH™ was ejected after rovibrational excitation of the anion. They studied the
vibrational autodetachment spectrum of enolate via excitation of fh@ediound state of
CH,CHO~.®8 VAD has been employed with a (partial) focus on IVR a feary ago by Johnson
and coworkers, in a study of bare and argon solvated nitromethames® In addition, the
same group applied VAD more recently to the water hexamen Zhiwhere they studied how
different isomers of this cluster ion are responsible for diftefeatures in the photoelectron
spectrum as the detachment laser is tuned thr@igstretching resonances belonging to a

particular isomer. This approach has been recently extendeith wiir group to include many
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more nitroalkane species where the excess electron has abiom#rg energy than the energy

of theCH stretching mode$.

The coupling of vibrational energy to electronic motion manif@stdfiin macroscopic

systems, e.g., as thermionic emission, described by the Richargsation’

In a molecular
description, VAD constitutes a breakdown of the Born-Oppenheimer ap@taimsince it is a
clear example of the coupling of electronic and nuclear motiainverse process, vibration-
mediated electron attachment, has long been studied by many gnodigalls into a similar

category (see, e.g., refs 93 and 94).

A simplifying assumption allowing a qualitative discussion of the tyitg process is
that VAD is primarily promoted along some reaction coordigat@escribing the concomitant
change in molecular geometryQ will, in general, not be a normal coordinate (except for a
diatomic) but is likely a linear combination of several nornwardinates. In a photoelectron
spectroscopy experiment, the normal modes belonging to these ctesdwth have the most
pronounced vibrational progressions, signifying the main geometry differengedn anion and
neutral. In a series of pioneering theoretical articles on V&immong” "® described several
scenarios according to the behavior of the anionic and neutral pbteigy curves along.
He distinguished these scenarios based on whether or not the potenBalaoss along, and,
if so, whether crossing would occur at the limits @f(i.e., some internuclear separation
approaching zero or infinity) or at some intermediate configuratiMoreover, the rate of
variation of the energy difference between the anionic and thkeah@otential energy curves
alongQ is an important point, as is the energy difference betweeanibaic parent vibrational
state and the neutral final state, i.e., the kinetic energheofemitted electron. The latter is

expected to be the dominant contribution to the electron emissiororettat, since the energy
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difference appears in a “resonance denominator” in the expneggiverning the emission

probability.

It should be pointed out that Franck-Condon factors are not governing thepkosbss
in the same way as in “regular” (i.e., nonresonant) photodetachniestiead of the overlap
between the vibrational wavefunction of the anprior to excitation and of the neutral final
state (nonresonant photodetachment), it is the overlap of the vibratvamafunction of the
anion and the neutral final stadter vibrational excitation of the anion that will play a role.
This overlap will critically depend on the evolution of the anion vibral wavefunction during
IVR and will therefore be time dependent. When VAD occurs aftyeted excitation of a
specific vibrational mode in the anion by infrared radiation, it encodesnation on the IVR

processes that take place between excitation and electron emission.

It should be noted that in the case where the anionic and neutral dielats cross
(which is the relevant scenario here), one can describe tisititva of the excess electron from
the bound to the continuum state as a Feshbach or shape redéndnée.In this case, the
factors governing the detachment rate from a vibrational atatessing the intersection are the
overlap of the anionic and neutral vibrational wavefunctions at thenisef the diabatic
potential energy curves and an electronic coupling term containengesonance description,
which does not necessarily involve large nonadiabatic terms. Ioabés the description of the
detachment process contains a mixture of electronic and nonatclietwapiling. If the curves do
not cross, there is no electronic coupling and the nonadiabatic cowging involved generate

qualitatively different rate expressioffs.
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In the remainder of this chapter we will discuss some geperaiderations regarding
vibrational autodetachment I@H;NO; and present the photoelectron spectraCi; NO,
obtained on vibrational resonances that lead to VAD. Then we wilsBsthe results in the
context of several simple models before closing with a summipen questions and an

outlook toward future work.

7.2 Vibrational Autodetachment of Nitromethane Anio n: General

Considerations

As was discussed earlier in Chapter 4, the main geometryetiitferbetween the anion
and the neutral geometries Ofi;NO, lies in angle between the ONO plane and the CN bond
axis; the angle is nearly coplanar in the neutral moleduwe is ~ 30° in the anion.
Correspondingly, th&0, “wagging” mode,w(NO,) (note that we use the same labels for the
vibrational modes 0o€H;NO, as Gorse et &), in which the displacement is largely described
by this angle, has an extended vibrational progression which acdouritee majority of the
Franck-Condon activity in the photoelectron spectrunCi#$N0O;.%® *® The remainder of the
activity in the photoelectron spectrum is almost completely acaddateby four other normal
modes. These are tli#l; umbrella modeg;(CH;); the NO, symmetric stretchy,(NO,); the
CH; rocking moder, (CH3); and theCN stretch,v(CN). Given that these modes all undergo a
substantial displacement upon photodetachment, it is expected thadrachnabination of the
corresponding normal coordinates will largely define the detanhmeaction coordinaté), in
which thew(NO,) mode is expected to the most prominent. The strong geometeyedite

results in a crossing of the diabatic anionic and neutral potential curvesgafonig
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In contrast to the modes largely characterized by displatemthin the nitro group, the

9, 99 In a

CH stretching normal coordinates do not seem to be important contrihatgr.
greatly simplified picture, one could summarize the reaction codedihas one coordinate and
a generalizedH stretching coordinate as a second coordinate orthogor@l tdhe resulting

potential energy surfaces of the anion and the neutral in theseowvdinates is depicted in

Figure 7.1.

Figure 7.1 — Schematic drawing of the diabatic anitic and neutral potential energy surfaces of nitrorethane.

The anionic surface is connected to that of the né&al along the detachment coordinateQ. In contrast, the

CH stretching modes are not connecting the two suaftes and excitation of one quantum of a CH stretchg

vibration will not lead to immediate detachment. \AD will only occur after sufficient energy has been
redistributed into Q.

A very interesting aspect of nitromethane is that it can bindxaess electron in two
fundamentally different ways. In one form GH;NOZ, the excess electron is contained in a
valence orbital (see Figure 7.2); the other is a stateeminer excess electron is bound in the
dipole field of the molecule, where the average distance of tbeaidrom the molecular frame
is typically on the order of several 10 A (see e.g., refs 95, 98, 10®. nmblecular geometry

belonging to the dipole-bound state is practically the same dkefareutral. In the context of
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vibrational autodetachment, the dipole-bound state can be seen as a Yldoetveeen the

valence anion and the neutral. The actual coupling between the te®lsaatbeen explored by
Sommerfeld using multi-reference configuration interactfoie describes the valence anion in
the geometry of the neutral, i.e., in the “crossing region” of tlabaldic curves, as a shape

resonance with a width of 0.25 eV, corresponding to a lifetime of a few femtoseconds.

Figure 7.2 — Highest occupied molecular orbital (H®™O) of the nitromethane valence anion.

Upon absorption of an IR photon in@& stretching vibrational mode, the absorbed
energy is redistributed in the molecule. If enough energramsferred to vibrational modes that
promote electron emission, the excess electron I&a(gee Figure 7.1). The absorption bands
of the CH stretching vibrations in the hydrocarbon serve as zero-order [stigfies, while the

nitro group serves as a localized energy acceptor.

Nitromethane has an adiabatic electron affinityl&f§+ 6) meV or ~ 1355 ci,* well
below the excitation energies f6H stretching modes and is therefore an excellent model system

to study VAD.
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7.3 Photoelectron Imaging Results

Figure 7.3 shows a comparison of photoelectron images obtainedsoiffarece (3200
cm?, a photon energy that is free of any contributions from vibratiartadatachment) and on
the VAD resonance belonging to the totally symmetri€CH;). There are substantial
differences between the two images. We observe that atiteopyg is lost and that new bands
appear in the VAD image, together with an accentuation of the pareof the image, which

corresponds to low-energy electrons.

Figure 7.3 — Comparison of BASEX transformed photdectron images of CHNO, . The image on the left
panel is taken off-resonance at an energy of 3200n¢. The image on the right panel is taken on the
vibrational resonance of the totally symmetricv{(CH3) at 2777 cnit.

We note that the VAD photoelectron spectra contain some contributioms direct
photoemission. In order to extract the VAD photoelectron yield, onst subtract the off-
resonance photoelectron spectrum from the VAD photoelectron spectiima. contribution
from direct photoemission may be subtracted if one considers the |glotrtoe spectrum taken
at a vibrational resonance to be the composite of a direct detachmzess as well as a

vibrational autodetachment process,
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Equation 7.1

Iy ny(Ex) = Xvapnv * Ivapnv(Ex) + Xpp,nv * Ipp pv (Ex)

wherel ,, (Ex) is the intensity profile at a photon enerfly,, as a function of electron kinetic
energy,Eyx, and the additional subscripts #f, DD, andVAD represent the measured, direct
detachment and vibrational autodetachment spectra, respectivetyteriisy;,, represent the
relative weighting of the two profiles. From previous studiesdoéct detachment of
nitromethane anioil (See Chapter 4), we observed that the photoelectron spectrum dis well

characterized by,

Equation 7.2

IDD,hv(EKE) = FCF(EKE) 'fthr(EKE)

whereFCF are the simulated Franck-Condon factors Apdis a threshold function necessary to
recover the experimental spectra. A comparison of the Franck-Camhaations and the
direct off-resonance photoelectron imaging spectroscopy reseitsssto indicate the threshold

effects involve mainly-wave detachment with a small admixturepefvave detachment given
by
Equation 7.3
fenr (Exg) = EIX:Z +5x107°- E;éz
where the first term contains thavave contribution and the second a srpalVave term. Since
we now have an approximation for the threshold function, we may regonghe intensity

profile of the direct-detachmeri},p, 5, (Exg) at the photon energy coincident with the vibrational

resonance. The last detail necessary to condisugt, is the relative weighting of the direct-
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detachment to the total photoelectron detachment. This can be foundtheingrational
autodetachment IR spectra obtained by Schnatlat, where the IR spectra sits on a smooth

background of photoelectrons from direct-detachment. Equation 7.1 may n@arkenged to

give Iyap py-

We note that the weakness of this analysis lies primaritiie threshold function, which
is likely too simple to describe the actual detachment @estsen (see Chapter 4 for a more
thorough discussion on the threshold functitn)As a precaution, photon energies as close as
possible € 5 meV) to the vibrational resonances were used to avoid any pr®llesing from
the threshold function. In addition, this approach assumes that thevanterference between

the direct detachment channel and the VAD channel.

7.4 Modeling

In order to describe the process of VAD in the present casestave with several
assumptions. Ignoring rotational degrees of freedom, we describvgbthdonal states of the
anion upon vibrational excitation in a normal mode basis within the hacnappiroximation,
i.e., as 15-tuple of quantum numbets, @r,, -+ ,n,5). If the molecule is in its vibrational ground
state prior to excitation, then there is one quantum in the ZOBS uwpdat®n, while all other
guantum numbers are zero. As IVR sets in, vibrational energgnisférred to other vibrational
states in the molecule through low-order anharmonic coupling. As soarffasent energy is
coupled into vibrational modes that connect the anionic and neutral poesmgigy surfaces,
electron emission can occur. If we assume that the main didfergetween the anion and the

neutral geometries is the angle betweenCiidoond axis and th@NO plane, the main “emission
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active” vibrational mode is thE0, “wagging” modew(NO,), and its normal coordinate is the
detachment coordinatg. This mode has the largest Franck-Condon factors in the photoelectr
spectrd’ and we assume that electron emission will occur on a time stal few femtoseconds
as soon as sufficient energy is pooled in this mode. On the dladies simple idea, the
population of vibrational states in the neutral will provide a rough ofapow energy was

distributed in the anion just prior to electron loss.

While many of the vibrational modes of the neutral and the aniosirarkar, the methyl
torsion changes quite drastically upon electron 13sk the anion, the interaction between the
CH groupsynto theNO, leads to structural stabilization of the methyl group, makingrtbiyl
torsion a hindered internal rotation. In contrast, the calculatezhtpat for methyl torsion in
neutral nitromethane has no significant barrie2 cm?), resulting in a free internal rotor. A

detailed treatment of the internal rotors can be found in Chapter 4 along witbrthegy levels.

There are altogether 390 vibrational and torsional states of h€litg& 0, within the
first 200 meV of the ground state. Even if we assume only rdlatwe-order coupling to the
hindered rotor states witl| > 8, we still count 326 states in this energy range (we will give
justification for this “cutoff” below). This means that itlinmot be meaningful to try to fit the
VAD spectrum to individual final states of the neutral, sincertbmber of states makes an
unambiguous assignment without restrictions through other assumptions andingnode
impossible. However, the VAD spectra can be modeled in differaps,vand we will discuss
several of them below using the VAD photoelectron spectruéigNO; at 2777 crit as a case
study. We chose this state for particular attention becauseetagve intensity of the

contribution of VAD to direct detachment is highest for this statke models discussed below
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are based on a separation of the free internal rotor statetheather vibrational degrees of

freedom. The intensity distribution of the VAD spectriyxy, (E) can be written as

Equation 7.4

yap(B) = forr(B) - ) @y - 1o(E = By)
v,J

wherev and] denote the vibrational and free internal rotor quantum statgectesely. The
coefficientsa, ; represent the intensities of the final states with vibratigngahtum numbepr,
torsional quantum numbgy and the corresponding energigs;. The experimental response
function, I,(E — E,,;), is represented by a Gauss function corresponding to the expetimenta
resolution. The sum over all vibrational and internal rotor states is weigtted tireshold law
finr(E) (see Equation 7.3) determined from the off-resonance behavior at 8200 Each
model described below will make some assumptions about the cafficig, and we compare

the resulting model curves with the experimental VAD spectrumhiléAthis represents a
reasonably objective route for the lower energy range up to ~ £2Q we stress that some

ambiguity remains for higher energies due to the high density of states there.

7.4.1 “No Torsion” Model

A very simple approach to the problem is to assume that torsiwo@dgs do not play a
role at all. This means that the coefficieatg are zero folj| > 0. This assumption could in
principle be justified by the argument that th&CH;) vibrational mode and indeed aH
stretching modes are so much higher in energy than the torsion @nitre that coupling

between these modes will be rather ineffective, since it wouldfld@gh order. However,
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several examples from the IVR literature indicate that ghetusion plays an important role in
IVR for other, related systenis’ 6% %! Figure 7.4 shows a fit of this model without internal
rotor excitation of neutralH;NO, to the VAD spectrum. While some states at higher binding
energies are rather well represented by this model, the &aveegy region of the spectrum is not
recovered by the simulation, and neither is the feature at 100 nMdfeover, the valleys
between most of the features are too deep, suggesting thaettdorsion states are too
“insular” to represent the more congested structure of the $#datrum, 8 states are above 120
meV. Therefore, the good agreement at high energies can dimpn effect of a sufficient
number of states in this region (even without internal rotor &mit) to reach a good

description of the spectrum.
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Figure 7.4 — Comparison of the experimental VAD sperum (connected open circles) of CENO, on the
v{CH3) resonance (symmetric methyl stretch) with the “notorsion” model (full line, see text). The
contribution of each vibrational state was weightedo yield the best fit of the model to the experimaal data.

7.4.2 Energy Randomization Model

If the energy is completely randomized in the molecule bef@®reh emission occurs,
one should be able to describe the VAD vyield with the density t#ss{®0S) in the neutral
molecule. Since an anharmonic calculation for the DOS of theah@udtecule is not available
to us at the time of this writing, we represent the DOS&iwithe harmonic approximation, using

the experimentally known values for the vibrational fundamental itiems® and the free
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internal rotor levels described above. In other waagdsg,= 1 for all v and/ and thea,,; are the
statistical weights of the individual states. Note that eaidrrial rotor energy level except the

ground state is doubly degenerate, sihaad—/ have the same energy.

VAD yield [arb. units]

1 L 1 L 1 L 1
50 100 150

energy left in neutral [meV]

o

Figure 7.5 — Comparison of the experimental VAD spdrum (solid black line) of CH;NO, on thevy(CH3)
resonance (symmetric methyl stretch) with the enesgrandomization model (solid red line, see text).The
model has been normalized to the experimental datat the 0-eV feature.

Figure 7.5 shows a comparison of the VAD photoelectron yield on tlmnaese

belonging to the symmetric methyl stretef)(CH;), with the DOS in neutralH;NO,. One can

clearly see at lower energies that the experimental V@datsum shows a close resemblance to
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the DOS. At higher energies (above 50 meV), the simulation recowany of the peak

positions but the intensities are either over- or underestimated.

The feature located in the lower energy region (up to 50 meVhefspectrum is
particularly interesting, since it is due to pure free interoi@r excitations without contributions
from other vibrational modes. Figure 7.6 shows this feature in deiesl. The model curve is
based only on the statistical weight of each internal rotaiggrievel, where the ground state is
nondegenerate, while each excited energy level is doubly degenetseagieement with the
experimental curve is nearly quantitative. The main differentieat the contribution df| = 8
overestimates the experimental curve. As a result, wekeelp the statistical weight as a basis
for the internal rotor distribution in the model described below for [jdgvbut ignore all states

with |J| > 8, i.e.,a,; = 0 for || > 8.
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Figure 7.6 — Comparison of the experimental VAD spdrum (connected open circles) of CENO, on the
v{CH3;) resonance (symmetric methyl stretch) with the desity of states (full line) in neutral CHsNO,. The
DOS has been normalized to the experimental data ¢he 0-eV feature.

7.4.3 Partial Randomization Model

The idea of using the DOS without any modification as a model for the VAD photoelect
spectrum as described above is fundamentally flawed, since it does not takedotd aoy
differences in the coupling between the anionic and neutral potential sudaddtetent final
vibrational states. Since we cannot assume that this coupling is uniform, it seakego allow
intensity variations for each vibrational state to obtain a better fit. Margbwoaly partial

randomization occurs prior to electron emission, fitting the intensities of thegigitel modes
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can also take these differences into account. Although we cannot distinguish betsedwahe
effects, it is appropriate to speak of a “partial randomization model”, bBsagibme apparent

below.

Since we vary the contribution of each vibrational final statdenteeping the internal
rotor intensity distribution the same for each vibrational state,dbiresponds to writing the

coefficientsa,, ; as a product

Equation 7.5

av’] = b‘l) . C]

with ¢; = 1 for all |J| < 8, ¢; = 0 otherwise, but varying the coefficienig to obtain the best

agreement with the experimental VAD curve.
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Figure 7.7 — Comparison of the experimental VAD sparum (solid black line) of CH3;NO, on thevy(CHj)
resonance (symmetric methyl stretch) with the partill randomization model (solid red line). The model has
been normalized to the experimental data at the Ovefeature.

Figure 7.7 shows the result of this simulation. The agreement ofetleegy
randomization model with the experimental data is excellent,thetlexception of the feature at

100 meV.

This “missing” feature is interesting in that it seems ta#®eased by a special final state
that is particularly well coupled to one or more partner statélsel anion. There are only two
levels in the neutral that are candidates for this featuree i©a combination band of the nitro
wagging moded’ symmetry) and the free internal rotor state With= 6 (100 meV). The other

is a combination band of tH¢0, bending modeda’ symmetry) and the free internal rotor state
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with [J| =5 (99 meV). At this time, we refrain from speculation concerrtimg special

significance of these states.

7.4.4 Application to VAD PE for the Symmetric and A ntisymmetric Methylene

Stretching Modes

We will now compare the results of the energy randomization mwidkl the VAD
photoelectron spectra of the other t@lé stretching modes iGH;NO3, the symmetria,(CH;)
and antisymmetrio, (CH3) methylene stretching modes. Figure 7.8 shows the resulisefes
two modes. Each of the experimental VAD spectra can be bigathe partial randomization
model, although the quality of the simulations of these spectra iasnbigh for thev,(CHj3)
mode. This is mainly due to the lower VAD cross section of thesses, compared to the cross
sections for direct detachment. The subtraction of the directhae¢ent contribution results in
an error in the VAD spectra, which grows with the relativgpartance of direct detachment,
even though the data quality of the actual photoelectron spectreh(wbitain both the VAD
and direct detachment contributions) is similar for all ZOBS ustlgty. This is especially true
for the v,(CH3;) mode, where the VAD contribution is in fact smaller than that fcbract
detachment. Nevertheless, we can use the partial randomization imatkdcribe the VAD

spectra.
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Figure 7.8 — Comparison of the experimental VAD phimelectron spectra (connected open circles) belomgj
to the v'{(CH3) (symmetric methylene stretch, left panel) and,(CH3) (antisymmetric methylene stretch, right
panel) modes of CHNO, with the partial randomization model (full lines). The dashed line in both spectra
is a representation of the full energy randomizatio model. The models have been normalized to the
experimental data at the 0-eV feature for each spaam.

Interestingly, the intense peak at 100 meV energy, which showgdclesarly in the
vg(CH3) VAD spectrum, does not appear. It is important to note that thesity distribution in
the neutral final states is different for each ZOBS studezd; i.e., the coefficients, depend on
the ZOBS. Since the coupling efficiency between anion and netdtas should not depend on
which ZOBS has been excited, the difference between the iptehsitibutions is most likely
due to different populations in the parent anion vibrational states pmrigghétoemission,

justifying the term “partial randomization model”.
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7.4.5 Critical Discussion of the Modeling
Despite our partial success in modeling the VAD spectra froranméthane anions, it

seems appropriate to discuss the limitations common to the modessidcabove. The model
description so far is purely empirical. It has no predictive attar, and we can only extract
very limited information on the dynamics of IVR and VAD proceseeslved. It is based on a
rather crude idea of how VAD occurs, and it cannot distinguish betetects based on the
coupling between the anionic and neutral vibrational states anentrgy distribution in the

anion prior to electron loss. It treats threshold effects ectten emission only in an

approximate, averaged way, and it contains no vibration-rotation coupling.

Moreover, while the lower energy states up to ~ 120 meV arerrably well separated
to allow unambiguous assignment of vibrational features, the deésergithigher energy states
is difficult because of the high DOS, even if the internal rotdasssucture of each vibrational
band is fixed. As an example, even though the combination band w{¥®,) mode with the
r(NO,) mode at 134 meV and the fundamental of{{{f€H;) mode at 136 meV can barely be
distinguished on the basis of the photoelectron band contours,(ti¢;) fundamental and the
combination band of thé(NO,) and r(NO,) modes are both at 140 meV and cannot be
distinguished in the experimental spectrum. Assignments of thatieibal features at higher

energies and their relative intensities therefore carry some anybiguit

Without losing sight of the limitations of the description, we camentheless extract
some interesting information from the VAD photoelectron spectrataniieas discussed above.
Obviously, VAD cannot be described merely on the basis of the defgfg available states of
the neutral. Also, as expected, the clear differences of theessffance and on-resonance

photoelectron spectra indicate that the Franck-Condon factorditttate the profile of the
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direct- detachment photoelectron spectrum do not play the most enleiat the description of

the VAD spectra.

The intensity distribution in the free internal rotor states is ratherasting. It seems not
to be subject to any restriction by symmetry, at least ifaygees that the parent anion is in its
vibrational ground state prior to infrared excitation. However, this is probablyre case, since
the ion temperature is of the order of 250 K, based on Franck-Condontsimsilaf the off-
resonance photoelectron spectrum under typical experimental conditiofise lowest three
hindered rotor states for the anion are nearly triply degenefatea result, we have to assume
significant population of states with torsional excitation. Morea¥éne process of populating
detaching states is sufficiently slow, vibration-rotation couplocan relax the symmetry
requirements. Our discussion implies that the main role of thByhmeetrsion is in the IVR
process leading up to VAD. We note, however, that the role of thigyhtersion in the VAD

process itself is unclear, especially in light of its dramatic chapge electron loss.

The difference between the intensity distributions in VAD spesiraing from different
ZOBS excitations indicates that even if there is some degme@maddmization among the ol
torsional degrees of freedom, there is no complete randomization ipofhdation of the
vibrational states. This is a significant observation, sindagilights the fact that purely
statistical theoretical approaches will likely fail to dédse VAD time scales. Even more
importantly, it shows that there is a clear dependence oVAi2 process in theCH;NO; on

which ZOBS is excited in the beginning of the process.

From the relative intensities of the vibrational modes in the \pADtoelectron spectra,

we can try to infer which modes are of particular importangmpslated final states. The states
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that are populated higher than average for all ZOBS are thenfemdals ofr(NO,), w(NO,),
1(CH3) and the higher-order stateéNO,) + w(NO,) and2 x w(NO,). The fundamental of
6(CH;) is important for the VAD spectra belonging to bath{(CH;) and v,(CH3) but is

energetically inaccessible vig(CH;) as a ZOBS.

As mentioned above, there is a feature in théCH;) VAD spectrum that is
underestimated or unrecovered in the models. This feature camadesl tto either the
[Ww(NO,) + (|/| = 6)] or the p(NO,) + (|J| = 5)] combination bands. Other such “special
states” have not been observed. Ideally, one would like to becafriap the final states of the
neutral onto the anionic parent states. However, the VAD coupliiggeaty for the parent
anion states would have to be characterized on the basis of suitdnietical approach, such as

that of Simong/ 192 1%pefore this is possible.

7.5 Open Questions and Future Challenges

In summary, we have presented one of the first VAD photoelegbertrescopy studies
of a polyatomic molecular anion. This approach opens up new and exsignges into the
investigation of VAD and the underlying IVR problem of how the epeleposited into a ZOBS
by IR excitation is transferred into the vibrational modes ifatihg electron emission. There

are many open questions that require a better theoretical treatment.

As mentioned above, one important unresolved aspect is the descriptioncolifhiag

between the anionic and neutral potential energy curve as a fupttiba anionic vibrational

é, 103, 104t

state. This could potentially be achieved by applying theegtyatutlined by Simori (o]

the specific molecules in question. The results from such a adculvould be instrumental to
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map the neutral final state distribution observed in a VAD photoetecpectrum onto the
anionic precursor vibrational states. Are the normal modes thatarinvolved in the VAD
reaction coordinat® spectators during electron loss? What is the role of thieyintetrsion in

the IVR?

Another, separate problem is a good description of IVR in thenpargon. It will be
problematic to tackle this problem by molecular dynamics stimns, since the quantum
mechanical character of the methyl rotor and of@Hestretching ZOBS will probably not be
well described that way. A lattice model for the vibratistate space would probably do more
justice to this situation. For such an approach, one needs cubic affdrdfble—quartic force
constants for the molecular system under study, which is fedsiblemall molecules (e.g.,
CH3NO,) but very expensive for larger systems. In this context, theahimtfieraction between
the torsional motion and the other vibrational degrees of freedom part€ular importance

because of the obvious impact of the methyl torsion on the VAD spectra.

While the partial randomization model described above seems teerecwst of the
details of the VAD spectra, it is an open question whether it rec@wen in broad strokes the
physics involved in the IVR/VAD process. If so, what is thecedesignificance of the spectral
features that deviate from the partial randomization modelZh®anionic precursor states that

map onto these neutral states play the roles of doorway states in the IVR?

Future experimental developments could include ultrafast pump-probérosgepy,
where a mid-infrared pump pul&ev, excites a&CH stretching mode and the near-infrared probe
pulsehw, detaches the electron. The resulting photoelectron spectra wmvidtise temporal

evolution from a regular photoelectron spectruiw{ before hw;) through developing



162

vibrational hot bandsigw, afterhw; but before VAD) to a VAD spectruniufp, after VAD). In

this way, one could determine time scales for both IVR (monitdhagvibrational hot bands)

and VAD separately.
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