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Abstract

The heart of this dissertation is an experimental study of biacetyl (BA) and its smaller cluster an-
ions, (BA,)™ where n =2 -4, conducted using photoelectron imaging spectroscopy. Large band
shifts between photoelectron spectra of cluster anions of nonpolar BA, comparable or some-
times even larger than the shift caused by solvation of BA by very polar water molecule, led
us hypothesize that interactions between BA molecules are of weak covalent nature. In other
words, in (BA,)~ there is a significant degree of charge delocalization, in contrast to a typical
cluster anion, that is held together due to electrostatic interactions between the cluster core,
holding the excess charge, and surrounding neutral solvent molecules. In order to support ex-
perimental findings, we performed geometry optimization calculations using ab initio methods
for BA, and DFT method for the cluster anions. The results were quite successful in explaining
the features of photoelectron spectra. Especially for BA the agreement between the experiment
and theory was excellent. Furthermore, the ab initio calculations showed that the HOMO of
BA anion has high charge density with 7 bonding character along the central C-C bond, which
facilitates charge delocalization in the cluster anions, as revealed by DFT results. Specifically,

sandwich-like structures of BA, and BA;, enabled by flat geometry of BA, are held together by
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7T — 7 intermolecular interactions.

The study of BA and its cluster anions is complemented by the photoelectron imaging spec-
troscopy studies of electronic structures of methylglyoxal and oxalyl chloride. We characterize
their several lowest electronic states and determine their electron affinities (EA) for the first
time. The results are discussed in the context of the substitution series (Figure 1.1), which
includes glyoxal, methylglyoxal (single methyl substitution), biacetyl (double methyl substi-
tution), and oxalyl chloride (double chlorine substitution). The EAs and anion detachment
energies follow the trend: biacetyl < methylglyoxal < glyoxal <« oxalyl chloride. The electron-
donating character of the methyl group has a destabilizing effect on the substituted anions,
reducing the EA from glyoxal to methylglyoxal to biacetyl. In contrast, the strong electron-
withdrawing power of Cl lends additional stabilization to the oxalyl chloride anion, resulting

in alarge (~ 1 eV) increase in its detachment energy compared to glyoxal.
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Chapter 1

Introduction

Scientific reductionism, a methodology of explaining the behavior of complex systems in terms
of the behavior of its constituents, is a hallmark of physical sciences. Even though emergent
phenomena are almost impossible to anticipate theoretically and almost always first discovered
experimentally [1], their complete understanding is achieved by viewing them as a result of

fundamental interactions between elementary constituents of a system.

Since the building blocks of most chemical systems are molecules, the deep insight into chem-
istry is gained by studying the nature of intermolecular interactions [2]. For an accurate and
reliable investigation of intermolecular interactions, it is important to avoid external interfer-
ence and effects of statistical averaging. In other words, a system under study must be relatively
small, well-defined, and isolated. Nonetheless, it is not right to limit the study to pairwise in-

teractions only, because increasing the size of a system introduces unexpected behavior. As
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we know, even in classical physics, switching from two bodies to three bodies makes a system

much more complex introducing deterministic chaos [3].

Clusters are perfect systems to study intermolecular interactions, possessing all three afore-
mentioned properties [4]. In terms of their size, clusters are small enough to allow resolving
interactions, which hold them together and are responsible for their structure and stability. Fur-
thermore, modern ion production and mass spectrometry techniques allow creation of clusters
of continuously varying sizes, so that it is possible to investigate how the nature of intermolec-
ular interactions evolves as a function of cluster size. In this sense, clusters are intermediate

states of matter situated between gas and condensed phases.

Historically, the first experimental study of clusters was presented by none other than Faraday
in his 1857 lecture "Experimental relations of gold to light" [5]. Till the middle of the twenties
century, clusters were mostly studied in the context of nucleation processes related to forma-
tion of clouds, fogs, and smokes [4]. The turning point in cluster science came in 1961, when
Bentley [6] and Henkes [7] produced cluster cations of carbon dioxide using a supersonic noz-
zle and a mass spectrometer. Later in 1970s, with the advent of lasers and their usage to study

clusters, cluster science was firmly established as a scientific field [4].

One of the branches of cluster science is a field of cluster anions [8], where the presence of
the excess electron lends to a system a richer structure. In general, a cluster anion consists
of the charged core, holding the excess electron, and neutral molecules, surrounding the core

and acting as solvents. One of the main questions in the field of cluster anions is about the ex-
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Figure 1.1: Small dicarbonyls

tent of delocalization of the excess electron. In other words, how many molecules is the cluster
core going to consist of? Fundamentally, the question is about competition between charge
delocalization and solvation interactions. On the one hand, the smaller core maximizes the
interaction with the solvent molecules, due to its high charge density, thus lowering the total
energy of the system. On the other hand, the charge delocalization lowers the total energy of
the system due to weakly covalent bonds between molecules constituting the core. The answer
is somewhat complicated and depends on specific properties of a cluster anion under study. It
is best to illustrate the complexity through a classic and well-studied example of (CO,);, cluster
series [9-14]. For n = 2 -5, the excess electron is delocalized over two CO, molecules forming
a weak covalent bond between them. The rest of the CO, molecules act as solvents surround-
ing the charged core. At n = 6, the cluster series partially undergoes so-called "core switching",
monomer-based, CO,™ (CO2)s, and dimer-based, (COz), (COz)4, species coexisting . At n =7,
the clusters are completely monomer-based. This trend continues until n = 14, when it again
becomes energetically more favorable to maintain dimer anion core. The "core switches" man-
ifest themselves through photoelectron spectroscopy as discontinuities in the series of corre-

sponding vertical detachment energies (VDEs).

In this dissertation, we present photoelectron imaging spectroscopic study of smaller cluster
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anion, (BA,)” where n = 2 — 4, of biacetyl (BA) (Figure 1.1) [15]. Based on the analysis of pho-
toelectron spectra, we hypothesize that the excess charge is delocalized over the whole cluster.
We closely investigate the phenomenon computationally for n = 2,3, confirming the hypothe-
sis. Furthermore, we propose an explanation of how the HOMO of the biacetyl anion facilitates

the charge delocalization in the clusters.

In addition to cluster anions of biacetyl, we present comparative photoelectron imaging spec-
troscopic study of the substitution series (Figure 1.1), which includes glyoxal [16], methylglyoxal
[17] (single methyl substitution), biacetyl [15] (double methyl substitution), and oxalyl chloride

[18] (double chlorine substitution).
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Chapter 2

Instrumentation and experimental design

This dissertation is based on experiments conducted in Dr. Sanov’s lab at the University of Ari-
zona. Specifically, the negative-ion photoelectron imaging spectrometer was used to obtain all
the photoelectron images of molecular and cluster anions of interest. It was built by former
PhD students in Dr. Sanov’s lab, Terefe Habteyes and Luis Velarde, whose dissertations [19, 20]

contain more detailed description.

The photoelectron imaging spectrometer is a time-of-flight mass spectrometer coupled with
photoelectron velocity map imaging assembly. A single experimental run on the instrument

consists of four main steps:

 Production of anions
* Creation of a beam of anions and separating them in time according to their masses

» Timed laser interrogation of anions of interest and resulting electron detachment

16



* Velocity map imaging of photoelectrons

The following sections describe each step in detail.

2.1 Vacuum system

The photoelectron imaging spectrometer runs under high vacuum. The instrument consists
of three regions maintained under different pressures: source chamber, ion-optics region, and
detection region. In a typical experiment the pressure in the source chamber is about 3 x 107°
Torr. In the ion-optics and detection regions the pressures are on the order of 107 and 1077

Torr, respectively.

The source chamber and the ion-optics region are connected by a 4 mm diameter aperture. The
ion-optics and detection regions are separated by a pneumatic gate valve. The source chamber
is pumped by a 10" diffusion pump. The ion optics region is pumped by two turbomolecu-
lar pumps. The detection region is pumped by one turbomolecular pump. All the pumps are

backed by mechanical roughing pumps.

2.2 Ion production

Ions are produced inside the source chamber by bombarding with electrons a jet of gas mixture
from a pulsed valve (General Valve Series 9, Parker, Inc.). The gas mixture is formed outside the

17



source chamber by diffusing vapors of an appropriate chemical (in a liquid or powder form)
with a carrier gas (typically Ar, N», O,, CO,, or N»O) at absolute pressures of about 2 to 4 atm.
The electrons are produced through thermionic emission by passing electric current through a

thoria coated metal filament.

The collision of high energy electrons with molecules in the jet produces slow secondary elec-

trons:

- +
M+ Cast — M + Cslow

+ Cfast -

The slow secondary electrons are captured by molecules and molecular clusters through vari-

ous energy dissipation mechanisms [21]:

dissociative attachment AB+ey,,—A +B
evaporative attachment Mp+ey, — Mp +(m—-mM
third body stabilization AB+ey,,+M—AB +M

Furthermore, the resulting anions participate in association reactions:

A +B+C—AB +C.

18



2.3 Time-of-flight mass spectrometer

The source chamber is connected to a Wiley-Mclaren [22] time-of-flight mass spectrometer,
which is coupled to a photoelectron velocity map imaging assembly [23]. The mass spectrome-
ter forms a beam of anions separated in time according to their mass-to-charge ratios, thereby

facilitating timed laser interrogation of anions of interest.

Anions produced in the source chamber are extracted into the ion-optics region by a repeller
plate pulsed at an appropriate time from ground potential to approximately Vi, = =900 V. After
entering the ion-optics region the anions are further accelerated to approximately Vqoqt = 2.5 kV
using evenly spaced serially connected (through 1 MQ resistors) stack of 10 ring electrodes.
Next, horizontal and vertical deflectors are used to steer the trajectories of the anions. Each
deflector consists of two plates on opposite sides of the ion path with potential difference of
about —100V to 100V with respect to Vqo,¢. Afterward, the beam of anions is focused using an
einzel lens consisting of three cylindrical electrodes. The potential on the first and last elec-
trodes is Vhoat, Whereas the potential on the middle electrode is about —1kV with respect to
Vhoat- After focusing, the anions pass through a cylindrical tube initially floated at Vqo,¢, which
switches back to ground potential before the anions exit it. Thus, the anions are referenced
back to ground potential without changing their kinetic energy. The rest of the distance toward
the detector the anions travel in a field-free region. The ratio Viipat/ Viep is chosen so that ions of
the same mass-to-charge ratio arrive at the detector at approximately the same time regardless
of their initial positions and velocities.
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The time ¢ needed to cover a field-free distance d by an ion previously accelerated to potential

V is directly proportional to the square root of its mass-to-charge ratio m/ g:

1/2 1/2
=l ol
v 2KE 2Vyq

In other words, anions with the same mass-to-charge ratio arrive at the detector at the same
time. So the time-of-flight mass spectrometer produces a time spectrum where every peak cor-
responds to species with the same mass-to-charge ratio. In reality, the contribution of multiply-
charged anions to time spectrum is negligible, since their formation probability is much lower

than that of singly-charged anions. So it is safe to assume that g = —e.

In practice, we determine the relationship between mass and time by fitting a straight line
t=cvm+iy

to two time peaks of known masses (for example, O~ and O,). Mass spectrum g(m) is deter-

mined from time spectrum f(¢) as follows:

C) flevm+ o)

om) = F=5 = (<
S = =) m
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2.4 Laser system

Spectra Physics LAB-130-50 Nd:YAG pulsed laser with pulse width of 6-9 ns was used for all the
experiments. The fundamental wavelength of the laser is 1064 nm. The wavelengths of 532 nm,

355 nm, and 266 nm can be obtained as second, third, and fourth harmonics, respectively.

Continuum, Inc. ND6000 dye laser pumped by a Surelite II Nd:YAG laser was used for the
methylglyoxal experiment. The wavelengths of 812, 612, and 306 nm were obtained as the fun-

damental or frequency-doubled output.

Laser beam enters the instrument with horizontal polarization through a Brewster window in
the detection region. It crosses the ion beam at 90° with interaction point being on the axis of

symmetry of the velocity map imaging assembly.

2.5 Velocity map imaging assembly

Velocity map imaging [23] assembly is a device, consisting of a position-sensitive ion detector
and an electrostatic lens, designed to image electrons preserving information about their initial
velocity distribution. It maps all electrons with the same initial velocity to the same spot on the
detector regardless of their initial position. The assembly operates in a pulsed mode so as not

to interrupt the laser-ion interaction.

The electrostatic lens consists of three ring electrodes: top, middle, and bottom. The laser-
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ion interaction takes place between middle and bottom electrodes. The bottom electrode has
negative potential Vg and acts as a repeller electrode. The top electrode has positive potential V¢
and acts as an extraction electrode. The optimal ratio of Vg/ Vg necessary for velocity mapping
is obtained by varying Vi/ Vg around the value of 1.91 predicted by an ion-optics simulation
software Simion [24]. The size of a photoelectron image is inversely proportional to V. Typical

values for Vi are -200V and -300V.

The position-sensitive detector consists of two imaging-quality microchannel plates and a P43
phosphor screen. After leaving the region of electrostatic lens the detached electrons are further
accelerated toward the front of the first microchannel plate, held at 2 kV. The amplified electrons
from the first microchannel plate are accelerated toward the second microchannel plate, the
back of which is held at 4kV. Finally, the electrons exiting the second microchannel plate are
accelerated toward a phosphor screen held at 6.5 kV. The electron impact positions are recorded
by a thermoelectrically cooled CCD camera (CoolSNAP Myo, Photometrics, Inc.). The voltage
on the second microchannel plate is 4 kV for about 200 ns only. Outside this time interval the
voltage is 3kV and no electrons are imaged. The whole imaging assembly is inside u-metal cup

to shield it from Earth’s magnetic field.

The photoelectron image is a 2D projection of outgoing 3D electronic wave function. Since 3D
wave has cylindrical symmetry with respect to the axis of polarization, it is described uniquely
by its cross section along this axis. The cross section is obtained from the 2D image using the

inverse Abel transformation [25] implemented in the BASEX software [26]. Integrating over the
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polar angle gives the radial distribution f(r). Since
rx vx VeKE,

the electron kinetic energy eKE distribution is obtained from f(r) using a Jacobian transforma-

tion:

dr f(VeKE)

KE) =
8EKE) =N Jexm = Vere

The constant of proportionality is obtained by calibrating with well-known electron affinity of
atomic oxygen [27, 28]. The electron binding energy eBE distribution is obtained from eKE
distribution using the relation

eBE=hv—-eKE.
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Chapter 3

Methylglyoxal

Methylglyoxal (MG), OHCC(CHj3)O, along with other small dicarbonyls such as glyoxal (G) and
biacetyl, is a minor component of Earth’s atmosphere with significant contributions to the
chemistry of volatile organic compounds [29-33]. In particular, irreversible reactions of dicar-
bonyls with NH3/NH; in cloud droplets lead to formation of "brown carbon", a subclass of light

absorbing atmospheric aerosols [34].

Despite the relative importance and rather elementary structure of MG, no attempts to mea-
sure its electron affinity have been reported to date. In 1980, Rawlings and Davidson estimated
the EA of MG theoretically [35]. Specifically, they obtained a restricted Hartree-Fock estimate of
EA ~ 0.9eV for unsubstituted G. Then, based on the comparison to similar methyl-group substi-
tutions, they proposed that EA(MG) should be ~ 0.2 eV lower than the above EA(G) value, thus

arriving at an estimate of EAMMG) ~ 0.7 eV. Our work provides first robust experimental deter-
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mination of the EA(MG) = 0.87(1) eV. It is interesting to note that Rawlings and Davidson’s as-
sertion (guided largely by chemical intuition) that EA(MMG) should be ~0.2 eV lower than EA(G)
proved to be on target, even though their individual EA(G) and EA(MG) estimates both missed
the mark. For comparison, recent work in the Sanov group provided a spectroscopic determi-
nation of EA(G) = 1.10(2) eV [16]. Hence, EA(MG) = 0.87(2) eV is indeed 0.23(3) eV lower than
EA(G), in excellent agreement with Rawlings and Davidson’s 0.2 eV prediction. However, since

they underestimated EA(G) by 0.2 eV, their EA(MG) prediction suffered from a similar error.

The photochemistry and excited states of neutral MG have received more attention than its an-
ion. Previous laser-induced phosphorescence and flourescence studies have identified the low-
est triplet state of MG adiabatically 2.414 eV above the ground state [36] and the lowest excited
singlet adiabatically 2.743 eV above the ground state [37]. In this chapter, we compare these
singlet-triplet and singlet-singlet splittings to the corresponding band intervals in the photo-

electron spectrum of the MG anion.

In what follows, anion photoelectron imaging spectroscopy was used to probe the ground (closed-
shell singlet X'A’) and two excited (lowest triplet a3A” and open-shell singlet A'A") electronic
states of methylglyoxal, accessed from the corresponding radical anion, MG~ (X?A"). The ex-
perimental results are supported by ab initio calculations and Franck-Condon simulations and

provide insight into the electronic structure of methylglyoxal, in both neutral and anion states.
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3.1 Experimental results

In Figure 3.1, we present photoelectron spectra of MG anion obtained at 306 nm, 612 nm, and
812 nm laser wavelengths. We also show photoelectron spectrum of G obtained at 532 nm laser

wavelength for comparison.

In the 306 nm spectrum of MG we identify three bands labeled A, B, and C. The band A is broad
and congested, whereas the bands B and C are narrower and slightly more resolved. Every band
corresponds to a transition from the ground state X?A” of the MG anion to some electronic
state of the neutral MG. We assign the bands A, B, and C to the singlet ground state X 1A the

lowest triplet state a3A”, and the first excited singlet state A'A” of the neutral MG, respectively.

The origins of the bands correspond to adiabatic detachment energies or electron affinities
(EAs) of corresponding states of neutral MG, whereas the band maxima correspond to verti-
cal detachment energies (VDEs). The 812 nm MG spectrum reveals the origin of band A, the
partially resolved peak at the beginning of the band. The maximum of this peak corresponds
to EA(X'A’) = 0.87(1) eV. The maximum of band A in the 612 nm MG spectrum corresponds to

VDE(X!A’) = 1.20(4) eV. The maximum of the first peak of band B corresponds to

EA(a’A”) = VDE(a®A") =3.27(2)eV.

Similarly, the maximum of band C corresponds to

EA(A'A”) = VDE(A'A”) = 3.614(9) eV
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It is worth noting that single-triplet excitation energy EA(a3A") —EA(X'A’) = 2.40(3) eV obtained
from our measurements perfectly matches the value 2.414 eV previously measured using phos-
phorescense spectroscopy [36]. Furthermore, the energy gap between the ground and first ex-
cited singlet states EA(A'A”) — EA(X'A’) = 2.74(1) eV also perfectly matches the value 2.74eV
previously measured using flourescence excitation spectroscopy [37]. In addition to these ex-
perimental confirmations, we performed ab initio calculations (See Tables 3.1 and 3.2) and

Franck-Condon simulation of band B (See Figure 3.4) to support the assignments.

3.2 Theory vs Experiment: structures

We performed geometry optimization for the ground state X?A” of MG anion, the ground state
XA’ and the lowest triplet state a3A” of the neutral MG on Q-CHEM software using CCSD
method with aug-cc-pVTZ basis set. We show the optimized minimum-energy structures in
Figure 3.2 and summarize the geometric parameters defining them and the corresponding en-
ergies in Table 3.1. The structures of the ground state of MG anion and the lowest triplet state of
neutral MG are visually identical, the structure of the ground state of neutral MG being visually
distinct from them only by 60° rotation of the methyl group. In terms of quantitative distinc-
tions, the ground state structure of MG anion has 6.6% shorter C1-C2 bond and about 5% longer
C1-01 and C2-02 bonds than the ground state structure of neutral MG. In addition, both O1-
C1-C2 and O2-C2-C1 angles are larger in the anion than in the neutral. So O1 gets farther from,
and O2 closer to, the methyl group in the anion than in the neutral. This correlates with the
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612 nm

Figure 3.1: Anion photoelectron images and spectra of methylglyoxal (MG). (a) Composite of the unpro-
cessed 612 nm and 812 nm MG images (left and right halves, respectively) and the corresponding spectra
shown in red and blue, as indicated. The 532 nm anion photoelectron spectrum of unsubstituted gly-
oxal (G) is also included for comparison (in gray). The inset shows the magnified portion of the 812 nm
MG spectrum, with the vertical arrow indicating the adiabatic electron affinity, EA =0.87(1)eV. (b) The
composite 306 nm anion photoelectron image of MG, consisting of raw (left) and Abel-inverted (right)
data, and the corresponding photoelectron spectrum. Band A in all spectra is assigned to the singlet
ground state of the neutral molecule. Band B is assigned to the lowest-lying triplet state of MG and band
C to the first excited singlet. The green vertical bars in (a) and (b) indicate the VDEs, calculated at the

MG
EA 812 nm
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EOM-IP-CCSD/aug-cc-pVTZ level of theory. See Table 3.2 and the text for details.



orientation of the methyl group that maximizes the interaction of hydrogen atoms with O1 in
the neutral and O2 in the anion.The lowest triplet state structure of neutral MG is distinct from
the ground state structure of neutral MG in a similar manner, but the differences are less pro-
nounced (for example, the triplet structure has 3% shorter C1-C2 bond than the ground state

structure of neutral MG).

The difference or similarity of the structures explain the shapes of the bands. According to the
Franck-Condon principle the larger the difference between the equilibrium geometries of the
initial and final states of a transition the broader is the corresponding band. Band A is almost
three times as broad as band B. This is consistent with the fact that the anion structure is more
similar to the structure of the triplet than to the structure of the ground state of the neutral. It
is important to note that the broadness of band A cannot be attributed to 60° rotation of the
methyl group, even though it is the most apparent visual distinction. This follows from the fact

that the 532 nm spectrum of G is as broad as the 612 nm spectrum of MG (See Figure 3.1).

In Table 3.2 we present nominal electron configurations for all the states under consideration.
The same nature of the changes in the anion and triplet structures, relative to the ground state
structure of the neutral, indicate the special role played by 4a” molecular orbital (MO). In Figure
3.3, we show the HOMO 44" @ and HOMO-1 164’ of MG anion. They also provide qualitative
descriptions of corresponding MOs of the lowest triplet and ground states of the neutral. 4a”
MO has strong bonding character with respect to C1-C2 bond and antibonding character with
respect to C1-O1 and C2-02 bonds. This explains the shortening of C1-C2 bond and length-

ening of C1-O1 and C2-02 bonds in the anion and triplet structures due to population of 4a”
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3.3 Theory vs Experiment: energies

Energies (without zero-point corrections) corresponding to structures obtained using CCSD
method with aug-cc-pVTZ basis set are shown in Table 3.1. We also show the energies of neutral
states relative to the anion ground state energy, labeled as AE-CCSD energies. These are esti-
mations of adiabatic detachment energies or EAs of corresponding states. AE-CCSD approach
underestimates experimental EA(X'A’) by 0.11 eV and overestimates experimental EA(a®A”) by

0.23 eV. The deviation from the experiment for the excited state is expectedly larger.

We also used AE-CCSD approach to estimate VDE(X'A’) and VDE(a3A"). Specifically, we per-
formed single-point energy calculations for X'A’ and a3A” states at the ground state equi-
librium geometry of MG anion. VDEs correspond to these energies expressed relative to the
ground state energy of MG anion. We present the results in Table 3.2. For state X'A’ the agree-
ment between the theory and the experiment is excellent, the calculation overestimating exper-
imental VDE(X'A') by about 0.05 eV. For state a>A” the calculation overestimates experimental
VDE(aA") by about 0.29 eV. It should be noted that the theoretical VDE(a®A”) is very close to
the theoretical EA(a3A"), the difference being about only 0.06 eV. This supports our assignment
of experimental VDE(a®A") and EA(a3A") to the same value of 3.27(2) eV corresponding to the
maximum of the first peak in band B in Figure 3.1. Similar to EA calculations, AE-CCSD ap-
proach expectedly gives more accurate VDE for the ground state.
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Figure 3.2: The optimized minimum-energy structures of the MG anion (X?A”) and the neutral in the
XA’ and a®A” electronic states. The corresponding geometric parameters are reported in Table 3.1.
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Table 3.1: Geometric parameters defining the equilibrium geometries of
the methylglyoxal anion in the X?A” state and the neutral methylglyoxal
molecule in the X'A’ and a3A” states, represented pictorially in Figure
3.2. The structures were optimized using CCSD/aug-cc-pVTZ. The bond
lengths are in Angstroms, while the angles are in degrees. Bold empha-
sis: neutral parameters exhibiting significant deviations from the anion
geometry (at least 0.05A or 3°). Electronic energies relative to the anion
structure (i.e., the adiabatic electron affinities) are also given and com-
pared to the experimental values.

Parameter Anion X?A” XA/ asA”
C1-C2 1.4205 1.5208 1.4765
C1-01 1.2630 1.2000 1.2318
Cl-H1 1.1004 1.0961 1.0843
C2-02 1.2620 1.2050 1.2218
C2-C3 1.5099 1.4924 1.5031
C3-H2 1.0880 1.0883 1.0872
C3-H3 1.0920 1.0841 1.0873
01-C1-C2 126.94 122.90 122.51
H1-C1-C2 113.00 113.78 114.45
02-C2-C1 123.00 117.57 121.33
C3-C2-C1 117.79 117.24 116.31
H2-C3-H3 109.60 110.52 110.62
H3-C3-H4 107.33 110.52 108.69
H2-C3-H4 109.60 106.82 110.62
C2-C3-H2 110.89 109.56 108.32
C2-C3-H3 109.67 109.81 109.28
C1-C2-C3-H2 0 -58.44 0
C1-C2-C3-H3 -121.19 180 -120.59
CCSD energy/Hartree 266.830680 266.802790 266.701914
AE-CCSD energy/eV 0 0.759 3.504
(relative to anion)

Experimental EA/eV 0.87(1) 3.27(2)
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By its very nature, AE-CCSD approach does not treat an anion and a neutral on an equal foot-
ing when calculating EAs or VDEs. Specifically, the approach uses different reference wave-
functions for the anion and the neutral. In order to resolve this exact problem we calculated
VDE:s using three different equation-of-motion coupled-cluster methods: "electron affinity"
(EOM-EA-CCSD), "ionization potential" (EOM-IP-CCSD and EOM-IP-CCSD(dT)), and "spin-
flip" (EOM-SF-CCSD). These are single-point calculations using aug-cc-pVDZ basis set and
CCSD/aug-cc-pVTZ optimized geometry of MG anion described above (See Table 3.1 and Fig-

ure 3.2). We present the results in Table 3.2.

EOM-EA-CCSD method was used to calculate VDE(X'A/) adding an electron to the neutral
reference wavefunction corresponding to X'A’. EOM-IP-CCSD and EOM-IP-CCSD(dT) meth-
ods were used to calculate VDE(X'A'), VDE(a®A"), and VDE(A!A”) removing either an a or
a B electron from the anion reference wavefunction corresponding to X?A”. EOM-SE-CCSD
method was used to calculate singlet-triplet vertical gaps between neutral MG states X'A/,
aA", and A'A". Then these energies were combined with EOM-IP-CCSD(dT) VDE(aA") to
yield VDE(X'A') and VDE(A'A”). EOM-IP-CCSD(dT) method produced the most accurate re-
sults. We show them in Figure 3.1 as green vertical bars. For states X'A’ and A'A” the difference
between theory and experiment is on the order of 0.01 eV. Whereas for state a3A” the differences

are about 0.1 eV.

33



Table 3.2: Properties of the anion and neutral MG states at the CCSD/aug-cc-pVTZ optimized geometry
of the anion, determined using the methods indicated. All calculations used the aug-cc-pVTZ basis set.
See the text for details. The computed results are compared to the corresponding experimental band
positions (from Figure 3.1). Bold values indicate the recommended (highest-level) theory predictions.

Relative energy / eV

MG state Electron configuration Vertical Adiabatic Method
X?A" (anion) ...(3d")*(16a’)*(4a")!
XA ...(3a"M%16a)%*4a")® 1.249 0.759 AE-CCSD
1.149 EOM-EA-CCSD
1.271 EOM-IP-CCSD
1.192 EOM-IP-CCSD(dT)
1.2492 EOM-IP-CCSD(dT)/SE-CCSD
1.20(4) 0.87(1) Experiment (band A)
asA” ...3a"M?%16a) (4a"! 3.566  3.504 AE-CCSD
3.467 EOM-IP-CCSD
3.396 EOM-IP-CCSD(dT)
3.27(2)b Experiment (band B)
A%A" ...(3a"?%@16a) ' 4a")! 3.685 EOM-IP-CCSD
3.580 EOM-IP-CCSD(dT)
3.713¢ EOM-IP-CCSD(dT)/SE-CCSD
3.614(9)° Experiment (band C)

2 Obtained by subtracting the 2.047 eV singlet-triplet vertical energy gap (at the anion geometry), calcu-
lated using EOM-SF-CCSD, from the VDE = 3.396 eV corresponding to the triplet state, calculated using
EOM-IP-CCSD(dT).

b Narrow peak maxima assumed to represent both the adiabatic and vertical energy gaps between the
anion and neutral states of similar equilibrium geometries.

¢ Obtained by adding the 0.317 eV vertical energy gap between the a®A” and A'A” states (at the anion
geometry), calculated using EOM-SF-CCSD, to the VDE = 3.396 eV corresponding to the adA” state, cal-
culated using EOM-IP-CCSD(dT).
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3.4 Theory vs Experiment: Franck-Condon simulation

In Figure 3.4 we show the Franck-Condon (FC) simulation of band B. The result in red perfectly
matches the profile of band B and clearly shows that band Cis not a part of it, but corresponds to
a different electronic transition. FC intensities were obtained on the PESCAL program [38] using
CCSD/aug-cc-pVTZ geometries of MG anion X?A” and neutral triplet a®A”, for logictic reasons,
obtained on Gaussian instead of Q-CHEM. The stick spectrum in Figure 3.4 corresponds to

these intensities multiplied by an eKE3/?

pre-factor, accounting for the Wigner-like scaling of
the electronic part of the photodetachment cross section near zero eKE [39]. The smooth FC
profile in red was obtained by convoluting the stick spectrum in the speed domain with an
instrumental resolution function, taken to be a Gaussian with FWHM = 2 x 10*m/s determined
from O™ photodetachment under similar experimental conditions. The only fitting procedure
was shifting the FC profile along the energy axis to match the first peak of band B. As a result,

we obtain adiabatic EA of the lowest triplet state a>A” of neutral MG given by the 0-0 transition

energy = 3.27 eV.

3.5 Summary

We characterized the three lowest electronic states of neutral MG, the singlet ground state XA/,
the lowest triplet state a3A”, and the open-shell singlet state A'A”, accessed from its anion MG~
in the ground state X?A” using negative-ion photoelectron imaging spectroscopy. In particular,

35



4q"

16a’

Figure 3.3: The 164’ — @ (HOMO - 1) and the 4a” — @ HOMO of the MG anion from CCSD/aug-cc-pVTZ
calculations.

ANy ]
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eBE / eV

Figure 3.4: The blue line is a magnified portion of the 306 nm anion photoelectron spectrum of methyl-
glyoxal reproduced from Figure 3.1. The results of the Franck-Condon simulation for the triplet transi-
tions are shown in black as discrete transitions, while the red spectrum is the simulation convoluted with
a Gaussian function representing instrument resolution. See the text for details.
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the EA of MG was measured for the first time. The experimental results were supported by high-
level ab initio geometry optimization calculations for all states except the open-shell singlet,
and the Franck-Condon simulation of the band corresponding to the triplet state. The agree-
ment between the experiment and theory is perfect. Furthermore, the experimental singlet-
singlet and singlet-triplet gaps were consistent with the past flourescence [37] and phosphores-

cence [36] measurements.

The equilibrium geometries of the ground states of the neutral MG and its anion are visually
identical, with the exception of the orientation of the methyl group. However, the difference in
the orientation of the methyl group is not responsible for the broadness of band A. The main
distinction between the geometries is the length of the central C-C bond, which is shorter in the
anion. The equilibrium geometries of the ground state of MG anion and the lowest triplet state

of neutral MG are very similar, which explains the sharpness of the band B.

The Franck-Condon simulation of band B perfectly matched the profile of the band, confirm-
ing that band C corresponds to the open-shell singlet state. We did not perform the geometry
optimization for the open-shell singlet, but based on the sharpness of band C we expect its

equilibrium geometry to be similar to the one of MG anion.
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Chapter 4

Biacetyl and its cluster anions

Biacetyl (BA) is the common name of dimethylglyoxal. Together with singly substituted methyl-
glyoxal (MG) and unsubstituted glyoxal (G), BA is a member of the family of small dicarbonyls
with important roles in atmospheric chemistry [40-42]. It is a volatile organic compound, rel-
atively abundant in the atmosphere. Its oxidation in the presence of nitric oxide leads to the

formation of ozone and other important processes [43].

Surprisingly little is known about this relatively simple yet important molecule, especially con-
cerning its photochemisty, oligomerization (cluster formation), and interactions with electrons
and ions. The adiabatic electron affinity of BA was determined previously to be 0.69(1) eV using
an indirect temperature dependent equilibrium ion/molecule reaction method [44]. The elec-
tron binding and other properties of BA oligomers, however, have remained largely unknown.

The most recent study of BA oligomers was the 1938 work by Molds and Riley investigating the
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polymerization of MG and BA [45]. They reported that MG undergoes polymerization with mass
loss, and the rate of the process increases with the addition of water, while BA was not found to

polymerize under the same conditions.

In this chapter we present our original spectroscopic investigation of BA and its cluster anions.
A typical cluster anion consists of a charged core, holding the excess electron, and surround-
ing neutral solvent molecules. So a typical cluster anion is mainly held together by charge-
dipole/induced dipole interactions. However, as our study shows, this is not the case for cluster
anions of biacetyl, BA, _, 5 ,, where the excess electron is delocalized over the whole cluster. In
other words, the cluster is held together by weakly covalent interactions. We explore the nature
of these interactions. In particular, we gauge their strength and extent of charge delocalization.
The analysis is based on photoelectron spectra of BA, _, 5 ,, and is supported by high level ab

initio and DFT calculations.

4.1 Experimental results: biacetyl anion

In Figure 4.1, we show the photoelectron spectrum and image of biacetyl (BA) anion obtained at
355nm laser wavelength. For comparison, we also show photoelectron spectrum of MG anion
obtained at 306 nm laser wavelength [16]. Expectedly, the spectra of BA and MG have very sim-
ilar profiles, the former being slightly shifted to the left with respect to the latter. Just like in the
case of G and MG (See Figure 3.1), the shift is attributed to the destabilizing effect of additional
methyl group in BA.
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The spectrum of BA consists of two bands labeled A and B. Just like for MG, we assign bands A
and B to the electronic transitions from the ground state X*A, of BA™ to the ground state X'A,
and the lowest triplet state aA,, of neutral BA. The band C in the MG spectrum is not present in

the BA spectrum, but it is expected to appear in BA spectra obtained at higher photon energy.

The origins of the bands correspond to adiabatic detachment energies or electron affinities (EA)
of corresponding states of neutral BA, whereas the band maxima correspond to vertical detach-
ment energies (VDE). So the maxima of bands A and B correspond to VDE(X 1Ag) =1.12(5) eV
and VDE(a®A,) = 3.05(5) eV, respectively. The onset of band B corresponds to EA(a®A,) =
3.05(5) eV. The origin of band A is poorly defined and gives only an estimate EA(X 1Ag) <0.7eV.

We included these values in Table 4.2 for comparison with the results of calculations.

4.2 Experimental results: cluster anions of biacetyl

In Figure 4.2(a), we show the photoelectron spectra of BA™, BA™-N;0O, BA™ -H>0, and (BA),
obtained at 532 nm laser wavelength. The spectrum of BA™ contains a single broad congested
band corresponding to band A in the 355 nm spectrum of BA™ (See Figure 4.1). As discussed
in Section 4.1, we assigned this band to the electronic transition from the ground state X?A,, of
BA™ to the ground state X lAg of neutral BA. The spectra of BA™-N,O and BA™ - H,O are expect-
edly almost identical to the spectrum of BA™, but shifted to the higher binding energies. The
relatively weak solvation interaction stabilizes the core anion increasing the binding energy of
an excess electron, yet not disturbing its electronic structure much. The ion-dipole interaction
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between BA™ and very polar water molecule is much stronger than the ion-induced dipole in-
teraction between BA™ and almost nonpolar N»,O. Hence, the shift (0.44eV) for BA™-H,O0 is
larger than the shift (0.14eV) for BA™-N»O. The shifts correspond to solvation energies and
were quantified by maximizing the overlap between the corresponding bands as shown in Fig-

ure 4.2(b).

The 532 nm spectrum of (BA), contains two bands: the broad congested lower-energy band
resembling the band present in the spectrum of BA™ and the sharp band at the high-energy end
of the spectrum. There are two important points to note. The first point is that the shift (0.59 eV)
for (BA), is larger than the shift (0.44 eV) for BA™ - H0, even though BA is nonpolar. In other
words, the shift cannot be accounted for by typical solvation interaction between BA™ and BA.
The second point is that the sharp band does not have a corresponding band in the spectrum
of BA™. In other words, the origin of the sharp band cannot be attributed to the electronic
structure of isolated BA~. We will discuss the origin of the sharp band in more detail later. For
now we note that both points strongly indicate that the intermolecular interaction in (BA), is

of covalent nature, which motivated us to study larger cluster anions of BA in more detail.

In Figure 4.3(a), we show the photoelectron spectra of BA™ and its cluster anions (BA), _,_,
obtained at 355 nm laser wavelength. The spectra of all the cluster anions contain a broad con-
gested band present in the spectrum of BA™ described in Section 4.1. Notably the spectrum of
(BA); no longer has a sharp band that is present in the 532 nm spectrum of (BA), around 2.3 eV.
Instead there is a similar sharp band of lower intensity at the high-energy end of the spectrum.

Hence, these bands cannot be due to direct photodetachment to any specific state of neutral
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BA, as such transition would appear at the same eBE, independent of the laser wavelength.
Considering the fact that these bands correspond to electrons with almost zero KE, they are
likely due to autodetachment from excited states of (BA), . The similar autodetachment bands
are also present in the spectra of the other cluster anions (BA), _, ,. The absence of such an
autodetachment band in the spectrum of BA™ strongly suggests that the excited anionic state
responsible for the autodetachment is of intermolecular nature, that is, it requires electron de-
localization between at least two BA molecules. In other words, the intermolecular interactions
in cluster anions (BA), _,_, have covalent character, which is in line with our previous analysis

of the 532 nm spectrum of (BA); .

4.3 Theory vs Experiment: biacetyl anion

4.3.1 Structures

In Figure 4.4, we show structures of the ground state X?A, of BA™, the singlet ground state
X 1Ag and the lowest triplet state a>A,, of neutral BA, optimized at the CCSD/aug-cc-pVDZ level
of theory on Q-CHEM [46]. These calculations were preceeded by preliminary DFT calculations
at the M06-2X/aug-cc-pVDZ level of theory. We show the corresponding geometric parameters
in Table 4.1. All three structures belong to the C,;, symmetry point group, with all heavy atoms
located in the same plane. Visually, the structures of the triplet neutral and the anion are in-
distinguishable, whereas the structure of the singlet neutral is distinct from them only in the

42



orientation of methyl groups. Quantitatively, attaching an electron to neutral BA shortens C2-
C3 bond by about 6.7% and lengthens C2-O1 and C3-02 bonds by about 5%. In addition, in the
anion the oxygens are closer to the adjacent methyl groups than in the singlet neutral, which
correlates with the orientations of methyl groups that maximize the interaction between hydro-
gens and oxygens. The structure of the triplet neutral is distinct from the structure of the singlet
neutral in a similar manner, but the differences are less pronounced (for example, the structure
of the triplet neutral has 4% shorter C2-C3 bond than the structure of the singlet neutral). It

should be noted that we observed almost the same patterns for MG discussed in Chapter 3.

Just as for MG, the broadness of Band A in the 355 nm spectrum of BA™ is attributed to the
difference between the equilibrium structures of the ground state X?A, of BA™ and the sin-
glet ground state X 1Ag of neutral BA, according to the Franck-Condon principle. Similarly, the
sharpness of Band B in the 355 nm spectrum of BA™ is attributed to the similarity of the equi-
librium structures of the ground state X?A,, of BA~ and the lowest triplet state a>A,, of neutral
BA. Considering the fact that the band in the 532 nm spectrum of glyoxal (See Figure 3.1) is as
broad as band A in the 355 nm spectrum of BA, it is important to note that the broadness of
band A is not due to 60° rotation of the methyl group, even though it is the most apparent visual

distinction.

Despite not being spectroscopically important, the orientation of the methyl groups plays an
interesting role in interpreting the structures of cluster anions of BA. Therefore, we are going to
refer to structures of BA as adopting "neutral" (nu) or "anion" (an) structural motifs depending

on the orientation of methyl groups. For example, the triplet neutral adopts an structural motif.
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We verified that the structures obtained with CCSD/aug-cc-pVDZ approach are true potential
minima by performing DFT (M06-2X/aug-cc-pVDZ) calculations which showed that there are
no imaginary vibrational frequencies for these structures. Whereas, the same DFT calculations
showed that C,j, (an) structure of the singlet neutral has two imaginary frequencies and lies
0.086 eV higher than the true potential minimum. Similarly, C,j, (nu) structures of the anion
and the triplet neutral each indicated two imaginary frequencies and were found to be 0.028 eV

(anion) and 0.034 eV (triplet) higher than the respective potential minima.

4.3.2 Energies

In Table 4.2, we show adiabatic (electron affinities (EAs)) and vertical detachment energies
(VDEs) for the ground state X 1Ag and the lowest triplet state a’A,, of neutral BA, obtained at
different levels of theory. In M06-2X and CCSD approaches, EAs are calculated by subtract-
ing the ground state energy of BA™ from the equilibrium energy of the corresponding state of
neutral BA. Experimentally, EAs correspond to the origin of bands. Since the origin of band A
is poorly defined, there is only an upper bound of 0.7 eV for EA(X 1Ag). The CCSD value for
EA(X 1Ag) is consistent with this estimation being = 0.15 eV below this upper bound. Whereas,
the M06-2X value for EA(X'A,) is 0.1 eV above this upper bound. For EA(a®A,), both CCSD and
MO06-2X methods surprisingly give almost the same results, difference between them being only

0.02 eV. Both values overestimate the experimental EA(a®A,) by about 0.2 eV.

In M06-2X and CCSD approaches, VDEs are calculated as positive differences between ener-
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Figure 4.1: Left: a composite photoelectron image of BA anion obtained at 355 nm. The direction of
the laser polarization is vertical in the image plane. The left half of the composite image represents
the corresponding half of the raw experimental image, while the right half represents the corresponding
Abel inversion. The corresponding photoelectron spectrum is shown to the right of the image (bold blue
curve). It is compared to the previously reported photoelectron spectrum of methylglyoxal obtained at
306 nm (gray curve).

Table 4.1: Geometric parameters for the three Cy;, symmetry
structures® shown in Figure 4.4: the BA™ anion (X?A, electronic
state), the BA ground state singlet (X 1Ag), and the lowest triplet

(@®A,).

parameter anion singlet triplet
C2-C3 1.446 1.550 1.489
C1-C2 1.530 1.514 1.519
C2-01 1.282 1.222 1.249
C1-H1 1.107 1.099 1.103
C1-H3 1.101 1.103 1.102
01-C2-C3 123.9 119.1 120.8
01-C2-C1 118.4 124.1 121.6
C2-C1-H1 109.4 109.2 109.5
C2-C1-H3 111.4 109.7 108.2
C3-C2-C1-H1 121.5 180.0 120.5
C3-C2-C1-H3 0.0 58.5 0.0

4All structures were optimized at the CCSD theory level using the
aug-cc-pVDZ basis set. The numbering of the atoms is defined
in Figure 4.4. The bond lengths are in Angstroms, and the an-
gles are in degrees. Bold emphasis: neutral (singlet and triplet)
parameters with the most significant deviations from the anion
geometry (at least 0.05 A or 4°).
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(BA),~

2.5
Band shifts / eV
BA—-N,O 0.14
BA—-H,O0 0.44
(BA),~  0.59
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Relative (shifted) energy / eV

Figure 4.2: (a) Photoelectron spectra of BA™ and its solvated clusters BA™ - N, O and BA™ - H,0, as well as
the (BA), dimer anion, obtained at 532 nm. (b) The same spectra as in (a) shifted back in energy for the
best overlap with the BA™ spectrum. The shifts are indicated in the figure. Their estimated uncertainty

is £0.01 eV.
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Figure 4.3: (a) Photoelectron spectra of (BA);;, n =1 —4 obtained at 355 nm. (b) The same spectra as in
(a) shifted back in energy for the best overlap with the BA™ spectrum. The band shifts are indicated in
the figure. Their estimated uncertainty is £0.01 eV.
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Figure 4.4: Bottom to top in order of increasing energy: BA anion (X?A,), singlet (X lAg), and triplet
(a3A,) structures optimized at the CCSD/aug-cc-pVDZ level of theory. The energies shown are adiabatic
electronic energies relative to the anion equilibrium. Each of the three structures belongs to the C,j,
symmetry point group, and all geometric parameters are given in Table 4.1. The torsional orientations
of the methyl groups in the neutral singlet and anion structures define the respective “neutral” (nu) and
“anion” (an) structural motifs. The nu and an designations refer to the geometric structures, not the
charges (for example, the neutral triplet state adopts the an structural motif).
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gies of the ground state of BA™ and the corresponding state of neutral BA both at the equilib-
rium geometry of BA™. Experimentally, VDEs correspond to band maxima. The CCSD value for
VDE(X 1Ag) is in excellent agreement with the experiment. The M06-2X value for VDE(X 1Ag)
overestimates the experimental value by about 0.25 eV. For VDE(a®A,,), both CCSD and M06-2X
methods give very close results, the difference between them being = 0.04 eV, that overestimate

the experimental value by = 0.2 eV.

We also performed EOM-IP-CCSD calculations of VDEs. These are single point calculations at
the CCSD/aug-cc-pVDZ optimized geometry. Unlike the previous approaches, EOM-IP-CCSD
method describes the initial and final states using the same reference [47]. Since CCSD value
for VDE(X 1Ag) is in excellent agreement with the experiment, the main improvement provided
by EOM-IP-CCSD method is for VDE(a3A,), the calculation result perfectly matching the ex-

perimental result. Considering the vertical singlet-tripet splitting

AEs.t = VDE(a’A,) - VDE(X'Ag)

reveals even better performance of EOM-IP-CCSD method, which predicts the gap 2.077 eV per-
fectly matching the experimental result 2.05(5) eV. Whereas, CCSD overestimates the experi-

mental value by more than 0.3 eV.
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4.4 Theory vs Experiment: cluster anions of biacetyl

4.4.1 Structures

Several preliminary exploratory calculations starting from random initial geometries led to the
structures of BA; shown in Figure 4.5, optimized at the M06-2X/aug-cc-pVDZ level of theory
with appropriate symmetry constraints. We took a DFT approach with M06-2X functional, cho-
sen for its performance on delocalized systems with noncovalent interactions [48], because ab
initio coupled cluster calculations became computationally too expensive at this level of com-
plexity. The three structures are close in energy and correspond to potential minima as con-
firmed by vibrational frequency calculations. Each structure has sandwich-like appearance,
two BA molecules situated parallel to each other and each adopting one of the an or nu struc-
tural motifs, distinguished by the torsional orientation of methyl groups as described in Subsec-
tion 4.3.1. As a result, each structure belongs to a particular symmetry point group motivating
the labels: C, (an-nu), D, (an-an), and D, (nu-nu). In every structure, the distance between BA
molecules, defined as the distance between middle points of central C-C bonds, is about 3A. In

contrast, the length of a typical covalent bond is 1-2 A.

The fact that the most stable structure is C, (an-nu) may suggest thatin BA,, as in a typical clus-
ter anion, the excess charge is localized on one of BA molecules, the other BA molecule acting
as a solvent. However, this picture is inconsistent with the experimental results as discussed in
Section 4.2. Moreover, even according to calculations the excess charge is delocalized over the
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whole cluster, the total Mulliken charges of the an and nu BA moieties in C, (an-nu) structure
being -0.52 and -0.48, respectively. In D, (an-an) and D, (nu-nu) structures, expectedly, the

excess charge is equally distributed between BA molecules.

In Figure 4.7(b), we show the contour plot of HOMO of BA, obtained at the M06-2X/aug-cc-
pVDZ level of theory using C, (an-nu) structure. The electron density around each BA molecule
resembles very much HOMO of BA™ shown in Figure 4.7(a) and described in Subsection 4.3.1.
Just like the HOMO of BA™, the HOMO of BA, has 7 bonding character along the central C-C
bond and 7* antibonding character along C-O bonds of each BA molecule. However, in BA;,
the 7 lobes along central C-C bonds in each BA molecule are not isolated, but actually overlap
creating an electron density between two BA molecules. Since, in the case of BA,, the HOMO is
occupied by a single electron, we can describe this 7-7 interaction as an order-of-1/2 covalent

bond between two BA molecules.

For larger cluster anions BAn>2,

proper calculations even with DFT approach became compu-
tationally too expensive. Therefore, we performed geometry optimization for BA;, without any
preliminary exploratory calculations, taking as a starting geometry the minimum energy struc-
ture of BA, with an additional BA molecule placed on top in nu structural motif. The resulting
optimal structure shown in Figure 4.6 is not much different from the starting geometry. The
structure belongs to C,;, symmetry point group. In Figure 4.7(c) we show the contour plot of
HOMO of BA;, which reveals the same pattern we saw for BA;. The MO has 7 bonding charac-

ter along central C-C bond and 7 * antibonding character along C-O bonds of each BA molecule.

The 7 lobes along central C-C bonds in each BA molecule overlap creating an electron den-
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sity between BA molecules. However, this time the excess electron is delocalized over three BA
molecules, creating two order-of-1/4 bonds that hold the cluster together. This is consistent
with the fact that the distance (3.07 A) between adjacent BA molecules, defined as the distance
between middle points of central C-C bonds, is longer than the distance (2.89A) between BA

molecules in BA; .

4.4.2 Energies

For BA, and BAj, we calculated VDEs and solvation energies Esqly at the M06-2X/aug-cc-pVDZ
level of theory. We show the results in Table 4.3, along with some derived quantities and rel-
evant experimental results. VDEs were calculated, just like for BA™, as a difference between
the ground state energy of the anion and the energy of the corresponding neutral species at
the equilibrium geometry of the anion. Solvation energies Eg,(n) were calculated using the
formula

Eqow(n) = E(BA™) + (n— 1)E(BA) — E(BA,) .

In other words, solvation energy is the energy required to assemble the cluster anion BA;, out
of BA™ and a sufficient number of neutral BA molecules. The usage of the term "solvation" here
is purely formal, and not intended to describe the nature of the intermolecular interactions in

cluster anions.

VDEs given by M06-2X overestimate experimental VDEs, corresponding to band peaks, by about
0.2-0.3 eV. However, the differences between VDEs match the band shifts much better. Espe-
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Figure 4.5: (BA); structures optimized at the M06-2X level of theory with the aug-cc-pVDZ basis set.
The C, (an-nu) structure consists of one BA moiety adopting the “anion” (an) structural motif and one
BA moiety adopting the “neutral” (nu) motif (the motifs are defined in Figure 4.4). In the C, (an-nu)
structure shown, the an-moiety is in the front of the top view and at the top of the side view. The total
Mulliken charges of the an and nu BA moieties in this structure are —0.52 and —0.48, respectively. The D,
(an-an) and D, (nu-nu) structures consist of two equivalent an-BA and two equivalent nu-BA moieties,
respectively, each moiety in each case carrying a Mulliken charge of —0.5. The separations between the
monomer groups indicated in the figure (side views) are defined as the distance between the centers
of the respective C2-C3 bonds (see Figure 4.4 for atom numbers). Complete dimer anion structures are
included in the Supporting Information. The energy of each structure shown is the negative of the cluster
solvation energy, defined relative to the adiabatic BA + BA™ dissociation limit (see footnote a in Table 4.3).
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Table 4.2: Vertical and adiabatic energies (in eV) of the singlet (X 1Ag) and triplet (a®A,,) electronic states
of biacetyl relative to the BA™ anion (X?A,) equilibrium.

singlet (X'Ag) triplet (a®A,)
method? vertical (VDE) adiabatic (EA) vertical (VDE) adiabatic (EA)
MO06-2XP 1.379 0.802 3.410 3.268
CCSDP 1.092 0.545 3.369 3.248
EOM-IP-CCSD€ 1.037 3.114
experiment 1.12(5) <0.7 3.17(2) 3.05(5)

“All calculations used the aug-cc-pVDZ basis set. "The relative state energies were obtained by subtract-
ing the anion energy from the corresponding (vertical or adiabatic, as appropriate) neutral state energy.
“The single-point EOM-IP calculations employed the doublet (?A,,) anion reference and were carried out
for the CCSD/aug-cc-pVDZ optimized geometry of the anion. The vertical singlet-state excitation energy
was calculated by considering the lowest-energy alpha-spin electron-removal transition of A, symmetry
(A, — 1Ag), while the triplet-state energy was calculated using the corresponding beta-spin transition
of Ag symmetry (2A, — 3A,).

Cyy, (nu-an-ni)

o

Figure 4.6: A plausible (BA); structure optimized at the M06-2X level of theory with the aug-cc-pVDZ
basis set. The structure is of C,;, symmetry and adopts a nu-an-nu structural motif. The complete struc-
ture with all coordinates is included in the Supporting Information. The distribution of the Mulliken
charges between the top-middle-bottom BA moieties in this structure is —0.285, —0.43, —0.285. The dis-
tance between the middle and top/bottom monomer moieties, defined the same way as in Figure 4.5, is
3.07A. The energy of this structure (defined as the negative of the solvation energy) is —1.670¢€V, i.e., it is
1.670 eV more stable than the 2BA + BA™ dissociation limit (see Table 4.3).
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(@) (b)

Figure 4.7: Highest occupied molecular orbitals of (a) BA™ (the an structure shown in Figure 4.4, bot-
tom), (b) (BA), (the an-nu structure shown in Figure 4.5, left), and (c) (BA)3 (the nu-an-nu structure
shown in Figure 4.6). Different perspectives (viewpoints) have been chosen in this figure, compared to
the above figures. The orbital plots are from the M06-2X/aug-cc-pVDZ calculations and correspond to
the isosurface values of (a) 0.10, (b) 0.08, and (c) 0.05. The MOs shown are singly occupied in the respec-
tive anions and responsible for the 7 — 7 covalent bonding between the individual BA moieties in the
dimer and trimer anions.
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cially, the difference 0.569 eV between VDE(BA™) and VDE(BA,) perfectly matches the corre-
sponding band shift 0.59(1) eV. This outcome is not unexpected, considering that M06-2X func-
tional is specifically designed to treat intermolecular interactions well. On the other hand,
VDE(BA") is perfectly predicted by ab initio CCSD method, as discussed in Subsection 4.3.2.
This motivates CCSD+DFT approach that uses ab initio CCSD method to account for intramolec-
ular interactions and DFT approach with M06-2X functional for intermolecular ones. Specifi-
cally, in CCSD+DFT approach we calculate VDEs of BA, _, ; by adding the VDE = 1.092 of BA
determined using the CCSD method to the corresponding band shifts (relative to BA™) deter-
mined using the M06-2X method. By construction, the predictions of this approach perfectly

match the experimental results (See Table 4.3).

The sequential AVDE from BA; to BA; is larger than the corresponding sequential band shift
by about 0.1 eV. This discrepancy is almost an order of magnitude larger than the error, which
is about 0.02 eV, for the shift from BA™ to BA,. We can only speculate that it indicates that the
true trimer structure is probably a combination of the distributed-charge character predicted

by DFT and a somewhat weaker bonded ion-molecule complex.

For typical cluster anions, the effect of intermoleculear interactions on the electronic struc-
ture of constituents is negligible and the interaction between the neutral constituents in the
final state is weak. As a result, the experimental band shifts often correspond to solvation ener-
gies. However, this is not the case for the cluster anion of BA. The calculated solvation energies
greatly overestimate the experimental band shifts, the discrepancy being about 0.4-0.5eV. It

should be noted that such a large discrepancy cannot be attributed to computational inaccu-
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racy, since AVDEs obtained using the same methodology matched the experimental band shifts

quite well.

In Figure 4.8, we illustrate, in the example of BA; how the different quantities considered here
are interrelated. The conclusion is true regardless of the computational method used and can
be easily generalized to larger cluster anions of BA. In particular, the diagram shows why the

solvation energies are considerably larger than AVDE values.

4.5 Conclusions

We presented our experimental study of BA anion and its cluster anions conducted using pho-
toelectron imaging spectroscopy and supported by calculations. The results of ab initio com-
putational investigation of electronic structure of BA and its anion were very successful in ex-
plaining the features of BA spectra. The calculations showed that the HOMO of BA anion has
7 bonding character along the central C-C bond and n* antibonding character along the C-O
bonds. DFT calculations showed that the high electron density along the central C-C bond of
BA enables formation of its smaller cluster anions. Specifically, in BA, and BA;, the monomers
are held together by 7 — 7 intermolecular interactions. These interactions have strong covalent

character, which explains large band shifts observed for the cluster anions.
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Table 4.3: Vertical detachment energies, band shifts, and cluster solvation energies (all in eV), calculated
using the M06-2X/aug-cc-pVDZ Method for the (BA),, cluster anions.

BA™ (BA), (BA)3 (BA),

Solvation energy (DFT)* 0 0.952 1.670 _b
VDE

DFT¢ 1.3799  1.947  2.512 -

(CCSD+DFT)® 1.092 1.661 2.226 -

Experimentf 1.12(5) 1.71(5) 2.16(5) 2.46(5)
AVDE (DFT)

Relative to BA™8 n/a 0.569 1.134 -

Sequential” n/a 0.569  0.565 -
Band shift (experiment)’

Relative to BA™8 n/a  0.59(1) 1.04(1) 1.34(1)

Sequential” n/a  0.59(1) 0.45(1) 0.30(1)

“Solvation energies for the (BA);, cluster anions (up to n = 3 only) were calculated as Esq}y(n) = E[BA™] +
(n—1)E[BA] — E[(BA),,]. The energies of all species were calculated for the corresponding optimized
ground-state structures: the Cyj;, (an) and C,j, (nu) geometries of BA™ and BA, respectively (as defined in
Figure 4.4), and the C, (an-nu) geometry of the dimer anion (shown in Figure 4.5).

bDashes indicate that the corresponding property was not calculated for the given species; n/a indicates
that the property is not applicable to this species.

“The vertical detachment energy (VDE) for each ion is calculated as the difference between the neutral
and anion energies, both determined at the optimized geometry of the anion.

4For comparison, the VDE values for BA™ calculated at the CCSD and EOM-IP-CCSD levels of theory
are 1.092 and 1.037 eV, as summarized in Table 4.2. These results are in much better agreement with the
experiment, compared to the DFT value.

°The VDE (CCSD + DFT) values were determined by adding the VDE = 1.092 eV of BA™ determined using
the CCSD method to the corresponding (BA); band shifts (relative to BA-), determined using the M06-
2X DFT method, also included in this table.

/From the data in Figure 3(a).

& AVDE (DFT) for a particular (BA), cluster is determined as the difference between this cluster’s VDE
and that of BA™: AVDE(n) = VDE(n) — VDE(1).

"Same as above but relative to the preceding member of the series: AVDE(n) = VDE(n) — VDE(n — 1).
"From the fits in Figure 4.3.
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BA*" + BA
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VDE(1)
A\ 095 VDE(2)
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Figure 4.8: Energy diagram for the formation and photodetachment of the (BA); cluster anion. The
electronic energy values calculated using the M06-2X/aug-cc-pVDZ method are given in eV relative to
(BA),. The diagram shows that the VDE increase from n = 1 to n = 2 in the (BA),, series, AVDE(2) =
VDE(2) — VDE(1), cannot be used as an accurate estimate of Eq),(2).
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Chapter 5

Oxalyl chloride

Oxalyl chloride, (COCl),, is a versatile organic reagent, widely used in chlorination, oxidation,
reduction, dehydration, decarboxylation, and formylation reactions [49]. It is related and of-
ten compared to phosgene, COCl,, but this chapter pursues an alternative perspective viewing

oxalyl chloride as a member of the substituted-glyoxal family (Figure 1.1).

Despite the structural and photochemical properties of oxalyl chloride that pique a physical
chemist’s interest, the spectroscopic literature on this molecule and especially its anion is sparse.
This is due, in part, to the dangerous properties of this compound. Fortunately, there are previ-
ous spectroscopic studies of it. In the experiment by Chu et al. [50], parent and fragment cation
yields for oxalyl chloride were measured using synchrotron radiation, allowing the authors to
estimate that anti and gauche were the two conformers present in the gas phase (~ 70% and

~ 30%, respectively), with no contribution from the syn conformer. A valence-shell photoelec-
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tron spectrum of neutral oxalyl chloride in the photon-energy range of 19-91 eV was reported
recently by Holland et al. [51] There have been several determinations of the ionization energy,
10.91(5) eV adiabatic value [52, 53]. Below the ionization threshold, the UV/vis absorption spec-
trum of oxalyl chloride shows an onset at about 390 nm [54-56]. In 1997, Suits and coworkers
exploited one feature of the absorption spectrum to study the gas-phase photochemistry of ox-
alyl chloride near 235 nm. Using photofragment ion imaging, they discovered that the (COCl),

molecule dissociates into four fragments following the absorption of just one UV photon [57].

In the present chapter, we focus on the anion of oxalyl chloride. There is currently a dearth of in-
formation about its most fundamental properties. Using photoelectron imaging spectroscopy
and ab initio calculations, we illuminate some of the anion’s features, including its photoelec-
tron spectrum and detachment energy, as well as the electron affinity (EA) of neutral oxalyl
chloride. The spectroscopic results for this anion are compared to the results for glyoxal [16],

methylglyoxal [17], and biacetyl [15].

5.1 Geometric structures

Since little prior information is available about the anion of oxalyl chloride, we begin with the
analysis of its geometric structures. After these basic properties are defined, we will turn to
the spectroscopic investigation using anion photoelectron imaging, as described in the next

section.

The Lewis structure of the neutral (COCl), molecule (Figure 1.1) allows for a nearly free internal
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rotation about the C-C sigma bond with respect to the Cl-C-C-Cl dihedral angle, d. The tor-
sional potential is rather flat but does have a few defined minima [50]. The structure in Figure
1.1 (Cyj, symmetry, d = 180°) corresponds to the most stable anti conformer. We clearly delin-
eate the antivs trans and syn vs cis structures. Although these terms are sometimes used inter-
changeably, this practice would lead to a lack of clarity in the present investigation. In short, the
anti, gauche, and syn structures correspond to neutral oxalyl chloride, while trans and cis to the
anion. The anti conformer in Figure 1.1 should not be referred to as a trans isomer because its
geometry is not "locked" with respect to internal rotation. Similarly, the alternative plane struc-
ture (C,, symmetry, d = 0°) corresponds to the syn conformer, not cis isomer. An intermediate

structure of C, symmetry (0° < d < 180°) corresponds to a gauche conformation.

Previous studies in the gas phase revealed the coexistence of the anti and gauche conformers
of oxalyl chloride, with no contribution from syn [50, 58]. For the gauche conformer, electron
diffraction experiments indicated d = 55(6) or 76(18)°, depending on the study [58, 59], while
the ab initio values range between d = 87 or 91°, depending on the method [60, 61]. It is impor-
tant for the present work that the majority of neutral oxalyl chloride is found in the anti form,
but the gauche conformer, which is only 0.04 eV less stable, still accounts for a significant mole
fraction (~ 30% at 0°C) [58, 59]. The syn structure, another 0.05 eV higher than gauche [50], is
not a true potential minimum but a saddle point separating the equivalent gauche conformers

atd = +90°.

The anion of oxalyl chloride differs significantly from the neutral because of the additional half-

bond of 7 character between the carbon atoms. The highest- (singly-) occupied molecular or-
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bital (HOMO) of the C,j, symmetry anion structure (details to follow) is shown in Figure 5.1. Its
nm-bonding character with respect to the C-C bond shortens this bond in the anion and locks the
structure with respect to internal rotation, resulting in potential minima at d = 180° (C,j) and
0° (Cyy). It also precludes the existence of intermediate (0° < d < 180°) minimum on the anion
potential. Although the C,; and C,, anion structures look similar to the respective anti and syn
conformations of neutral oxalyl chloride, they cannot easily interconvert and should therefore

be referred to as the trans and cis isomers, rather than anti and syn conformers.

These preliminary considerations are confirmed by the electronic structure calculations using
the Q-CHEM 5.1 program package [46]. Some of the key results are summarized in Figure 5.2.
The initial geometry optimizations and potential energy scans were performed using the B3LYP
density functional with the aug-cc-pVDZ basis set. As expected, a cursory scan of the anion
potential with respect to d (relaxed with respect to other coordinates under the C, symmetry
constraint) indicated a >1 eV barrier separating the frans and cis forms of (COCl); . The barrier,
indicated schematically by the dashed gray curve in Figure 5.2, is large enough for us to not be
concerned about its exact magnitude. For this reason, higher-level investigations of the trans

— cis interconversion were not pursued.

The trans- and cis-anion geometries, as well as the global-minimum neutral structure (anti),
were optimized using the coupled-cluster theory with single and double excitations (CCSD).
Initial CCSD optimizations employed the aug-cc-pVDZ basis set, followed by further optimiza-
tions with the aug-cc-pVTZ basis. The final state energies were determined from the single-

point calculations including the noniterative triples corrections, CCSD(T), with the aug-cc-

63



pVTZ basis set. The complete geometric parameters of CCSD/aug-cc-pVIZ-optimized trans
(Cop) and cis (Cyy) anion structures are given in Table 5.1. In Figure 5.2 and throughout, we
refer to these geometries as simply frans and cis, thus distinguishing them from the respective
anti and syn neutral structures. The optimized parameters of the neutral anti conformer are

also included in Table 5.1.

5.2 Experimental results

The mass spectrum of (COCI);, anions consists of a triplet of peaks at 126, 128, and 130 amu
with a characteristic ~ 9 : 6 : 1 intensity ratio due to the approximately 3:1 abundance ratio of
the CI*® and CI*" isotopes. A sample parent-ion spectrum is shown in Figure 5.3. The most

intense 126 amu peak was used in the photoelectron imaging experiments.

Before describing the spectroscopic results, it is important to consider the implications of the
large torsional barrier on the anion potential in oxalyl chloride (Figure 5.2). Based on the previ-
ous studies [50, 58], we must assume the presence of both anti and gauche conformers of neu-
tral (COCI); in the precursor expansion. It is not clear what temperature should be ascribed
to the neutral molecules just before the anion formation. Since it occurs within the electron-
impact ionized plasma, the process cannot be modeled using the typical supersonic temper-
ature of a few Kelvin. It is reasonable to expect that the anti conformer yields predominantly
trans-(COCI);, while gauche can generate either trans- and cis-anions, likely in similar quan-
tities. If we assume a 0.70/0.30 anti/gauche ratio for the neutral precursor [58, 59], ~ 0.85 and
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(a) Hartree-Fock (b) Dyson

Figure 5.1: (a) Hartree-Fock (HF) 4a, HOMO of the oxalyl chloride anion (trans structure). (b) The
Dyson orbital for the X?A, — X'A4 photodetachment transition, nominally (4a,)”!, calculated using
the EOM-IP-CCSD method. Both orbitals are represented by the 0.04 au isosurface plots and were calcu-
lated using the aug-cc-pVTZ basis set.

Table 5.1: Geometric parameters of the anti (C,j, symmetry), trans (Cyp),
and cis (Cy,) structures® of oxalyl chloride

anti trans cis
C-C 1.549 1.423 1.430
C-0 1.182 1.219 1.221
C-Cl 1.746 1.844 1.837
/C-C-Cl 112.2° 110.2° 117.2°
/C-C-0 123.9° 131.8° 125.8°

“The trans and cis structures correspond to anion equilibria, while the anti
is the global-minimum geometry of the neutral molecule. All structures
were optimized at the CCSD level of theory with the aug-cc-pVTZ basis set.
The bond lengths are given in Angstroms, and bond angles are given in de-
grees.
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Figure 5.2: Energy diagram summarizing the results of the calculations. All energy values are in
electron-volts. The values on the left (trans/anti) side are relative to the trans-anion structure. The values
on the right (cis) are reported relative to the cis-anion (#). See the text for details. All neutral state en-
ergies at the frans- and cis-anion geometries correspond to the vertical detachment energy (VDEs). The
anti-neutral state energy, relative to the trans-anion equilibrium, is the adiabatic EA. The difference be-
tween the neutral and anion energies at the anti-neutral geometry (indicated by the double-sided arrow)
is the vertical attachment energy (VAE).
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~ 0.15 mole fractions of the trans- and cis-anions should be expected. Once the anions are
cooled to a typical ion-beam temperature of ~ 70K [21], the torsional barrier makes the cis —
trans interconversion unlikely. In sum, while it is difficult to predict the exact populations, the
trans isomer is expected to dominate, but some fraction of the anions may be trapped in the cis

state.

Figure 5.4 shows the photoelectron images and spectra obtained at 355 and 532 nm. Figure 5.4a
displays both spectra plotted together for comparison. Figure 5.4b,c separates the spectra and
compares them to the model simulations. Figure 5.4b,c also includes the original photoelectron
images from which the spectra were obtained. The right and left halves of the image in Figure

5.4b corresponds to the raw and Abel-inverted data, respectively.

The 355 nm spectrum (Figure 5.4a,b) consists of a single broad band assigned to the electronic
transition from the ground state of the anion to the ground state of neutral oxalyl chloride.
The width of the band indicates a significant difference between the equilibrium geometries
of these states. The band maximum at about 2.3 eV corresponds to the anion’s vertical detach-
ment energy (VDE). The poorly defined onset at approximately 1.8 eV corresponds to the adia-
batic electron affinity (EA) of oxalyl chloride. The 532 nm spectrum (Figure 5.4a,c) at first glance
looks like the lower-energy part of the 355 nm band if it were split almost evenly into two halves.
However, the sharp onset of the 532 nm spectrum at eBE— hv, corresponding to low-eKE elec-
trons, is uncharacteristic of regular photodetachment and requires further analysis (Subsection

5.3.2).
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The photoelectron angular distributions (PADs) [62-64] with respect to the laser polarization
direction were obtained from the photoelectron images using the BASEX program [26]. For the
355 nm data, the PAD was determined by integrating the angle-dependent image intensity over
the nearly complete energy range of the band (Figure 5.4a,b), eBE = 1.70-2.79 eV. The angu-
lar dependence of the 532 nm data was analyzed in the range of eBE = 1.86-2.16 eV. The lower
bound corresponds to eBE where the band intensity increases more than 2-fold above the noise
level. The upper bound was chosen specifically to exclude the slow-electron signal at the im-
age center, corresponding to the sharp peak at eBE — hv. In Subsection 5.3.2, this threshold
spike will be attributed to a different photodetachment mechanism, compared to the rest of

the 532 nm image.

The photoelectron anisotropy parameter (f) values determined as described above are plot-
ted in Figure 5.5 against the corresponding average eKEs. The large horizontal "error bars" for
the two data points are neither errors nor uncertainties: they indicate the respective energy in-
tervals over which the PADs were analyzed (see above). The vertical error bars in each case do
indeed represent the statistical uncertainties in determining the 3 values from the experimental

data.
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5.3 Electronic structure

5.3.1 Bound States

The oxalyl chloride anion is obtained by adding an electron to the closed-shell neutral molecule.
According to the calculations in Section 5.1, trans-(COCl), has an X2A,, ground state with the
electron configuration [X 1Ag] (4a,)', where X lAg is the neutral state. The 4a,, orbital is shown
in Figure 5.1a, and all relevant electron configurations are expanded in Tables 5.2 and 5.3. The
ground state of the cis-anion is X?B, : [X'A;1(4b,)! (Table 5.3). The B, irreducible representa-

tion is defined assuming that the molecular plane is the primary o, mirror plane.

Using the CCSD(T) results in Section 5.1, the adiabatic EA, the relative energies of the anion
isomers, and the vertical attachment and detachment energies can be calculated from the dif-
ferences, ACCSD(T), of the appropriate state energies. These results are included in Tables 5.2
and 5.3. Table 5.2 lists the anion and neutral state energies, each calculated for the C,j, trans
and anti geometries (Table 5.1). As discussed in Section 5.1, these are the equilibrium geome-
tries of the anion and neutral, respectively, Therefore, the energy difference between the anti-
neutral and trans-anion structures corresponds to adiabatic EA of the neutral. The differences
between the frans-neutral states and the trans-anion are the VDEs of the anion for transitions
to these neutral states. Finally, the differences between the anti-neutral and anti-anion is the
vertical attachment energy (VAE) of the neutral. Table 5.3 lists the relative state energies at the
cis geometry only, i.e., all values in the table represent the VDEs for the cis-anion transitions to
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different neutral states.

Thus determined EA = 1.797 eV (Table 5.2) for anti-oxalyl chloride agrees with the observed
onsets of the detachment bands in Figure 5.4. The VDE of the trans-anion, calculated using the
ACCSD(T) method, is 2.284 eV, matching closely the position of the maxima of the 355 nm and
532 nm bands in Figure 5.4. The ACCSD(T) results further predict that the ground state of the
cis-anion is 0.126 eV higher in energy than the frans minimum (Figure 5.2) and has a VDE of

2.219eV.

The ACCSD(T) results are in good agreement with the experiment, but they do suffer from
the shortcoming of relying on different electronic wave function references to describe the
anion and neutral states [47]. The problem is resolved within the equation-of-motion (EOM)
approach. To model the photodetachment transitions, we performed single-point EOM-XX-
CCSD/aug-cc-pVTZ ionization-potential (XX = IP) and electron affinity (XX = EA) calculations
[47] for the trans and cis geometries. In the IP calculations, an a- or §-spin electron, as appro-
priate, was removed from the unrestristed X?A,,/ X?B, (trans/cis) anion reference, giving access
to the ground and lowest-excited states of neutral oxalyl chloride. The EA transitions were ana-
lyzed by adding an A, /B, symmetry electron to the closed-shell (restricted) X'A,/ X'A; neutral
reference, yielding the X?A,/ X?B, states of the anion. The noniterative triples corrections (fT)
[65] were included in the IP transition energies for the trans-anion. Technical issues prevented
us from directly calculating the fT corrections for the cis structure, so the trans fT values for the
corresponding neutral states were used instead. The results (corresponding to the anion VDEs)

are summarized in Tables 5.2 and 5.3 structures, respectively. Among the different methods, the
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recommended values are bolded. These quantities were used to construct the energy diagram

in Figure 5.2.

For the lowest-energy photodetachment transition in the dominant frans form of the anion, all
results in Table 5.2 are in agreement with the experimental spectra in Figure 5.4. The highest-
level, EOM-IP-CCSD({T), energy for the X?A, — X'Ag transition, 2.335 eV, slightly overesti-
mates the VDE determined from the experiment. These calculations also predict the lowest
triplet A,) and the corresponding open-shell singlet (!A,,) states of the neutral to lie 5.197 and
5.351 eV (vertically) above the trans-anion ground state. These transition energies are not acces-
sible with our laser, but taken together with the ground-state VDE, they translate into a 2.862 eV
singlet-triplet (Sp — T;) and a 3.016 eV singlet-singlet (So — S;) vertical excitation energies for
the trans-anion of oxalyl chloride. These results can be indirectly but favorably compared to
the corresponding adiabatic values for the anti-oxalyl chloride determined from the UV/vis ab-

sorption: 3.022 eV (Sg — T1) and 3.371 eV (Sg — S1) [66].

5.3.2 Anionic Resonances

The intense signal at the eBE— hv (eKE— 0) threshold in 532 nm spectrum (Figure 5.4) may be
a signature of autodetachment from an excited anionic state (a resonance) embedded in the
detachment continuum [67, 68]. To investigate this possibility, we carried out several types of
EOM-CCSD studies [47] targeting electronically excited states of the oxalyl chloride anion at its
dominant frans geometry. First, the excitation energy (EE) methodology, EOM-EE-CCSD/aug-
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cc-pVTZ, was used to identify the excited states of the anion by means of one-electron spin-
conserving excitations from the X?A, anion reference. Second, the EOM-EA-CCSD calcula-
tions, where we add an electron to the X lAg neutral reference, were extended to target not only
the ground state of the anion (Table 5.2) but also the excited states. Third, these states were
characterized within the non-Hermitian quantum-mechanical framework using a complex ab-
sorbing potential (CAP) with the EOM-EA-CCSD method [69-72]. The last approach was nec-
essary, because all electronically excited states of the frans-anion proved to be unbound reso-
nances, i.e. they lie above the anion’s vertical detachment threshold. Similar calculations for

the cis-anion led to the same conclusion.

The details of these calculations for the frans-anion structure are summarized in the Supporting
Information for reference [18]. The main conclusion is that there are indeed low-lying anionic
states embedded in the detachment continuum close to the anion VDE and, by coincidence,
the 532 nm photon energy. The two lowest excitation transitions give rise to the B, and zAg
resonances, which are indicated schematically in Figure 5.2. The ?B,, state is optically "dark",
i.e., not accessible from the XA, state of the anion via a one-photon electric-dipole transition,
while 2A, is dipole-allowed and, therefore, "bright". Their energies, calculated using different

methods and basis sets, are listed in the Supporting Information for reference [18].

Specifically, the CAP-EOM calculations place the ZAg resonance ~0.3 eV above the neutral and
~2.4 eV above the anion ground state. On comparing the latter to the 2.33 eV energy of 532 nm
photons, the resonance width (~0.3 eV) and the unknown Franck-Condon width of the X 2A,, —?2

Ag transition should be kept in mind. Therefore, the ?Ag resonance is likely to be accessible
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from the trans-anion ground state with 532 nm photons. It may be also be vibronically coupled
to the dark 2B, state or to the dense highly vibrationally excited levels of the X?A,, state, setting

up plausible pathways for vibrationally mediateed autodetachment.

5.4 Photoelectron angular distributions

The PADs give insight into the electronic structures, in particular, the orbitals from which the
emitted electrons originate [62—64, 73-76]. The dominant transition in this work nominally cor-
responds to electron removal from the 4a,, HOMO of the trans-anion of oxalyl chloride. This
Hartree-Fock orbital is depicted in Figure 5.1a. While it is a good start for describing the PADs,
the HOMO is not the only MO participating in the transition. The removal of the canonical
HOMO electron affects all electrons in the molecule (as a basis example, the 1s orbital in the
H atom is not the same as 1s in H™). Although the detachment of a single electron is not a
one-electron process, it is possible to describe it as such using the corresponding Dyson orbital
instead of the canonical MO. The Dyson orbital is defined as the overlap between the anion and
neutral many-electron wave functions; it thus encodes the changes to all MOs upon the an-
ion — neutral transition [76]. The Dyson orbital for X?A,— X 1Ag photodetachment of oxalyl
chloride, obtained as part of the EOM-IP-CCSD calculations, is shown in Figure 5.1b. By in-
spection, only minor differences between the canonical and Dyson orbitals can be seen. These

differences, however, do affect the quantitative modeling of the PADs.

In Figure 5.5, we compare the experimental § values, determined in Section 5.2, to the pre-
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Table 5.2: Nominal electron configations and relative energies of the ground electronic state of oxalyl
chloride anion and several lowest electronic states of neutral oxalyl chloride at C,j, frans and anti
geometries

nominal electron configuration state character geometry? method? rel. energy®
X?Ay:...(13a4)*(3bg)*(3a,)*(12by,)* (4ay)’ trans 0
anion ground state anti ACCSD 0.565
ACCSD(T) 0.598
X'Ag:...(13ag)*(3bg)*(3ay)*(12by,)* anti ACCSD 1.755
closed-shell singlet ACCSD(T) 1.797
trans ACCSD 2.340
ACCSD(T) 2.284
EA-CCSD 2.267
IP-CCSD 2.414
IP-CCSD(fT) 2.335
VDE (exper.) 2.33(4)
a3Ay:...(12a4)*(3bg)? (3ayw)?(12b,)* (13ag) ' (4ay,)' trans IP-CCSD 5.259
lowest triplet IP-CCSD(fT) 5.197
EA-CCSD 5.133
AlAy:...(12a)*(3bg)?(3ay)*(12b,)* (13ag) (4ay)' rrans ~ IP-CCSD 5.433
open-shell singlet IP-CCSD(fT) 5.351

“The trans and anti structures correspond to the respective anion and neutral geometries optimized at the
CCSD/aug-cc-pVDZ level. Their geometric details are summarized in Table 5.1. All calculations in this table
were carried out with the aug-cc-pVTZ basis set. The ACCSD and ACCSD(T) results were obtained as differ-
ences between the absolute CCSD or CCSD(T) energies of the target state and the trans-anion ground state,
determined in separate calculations. Zero-point vibrational energy corrections are not included. Single-
point EOM-XX-CCSD (XX = IP, EA) calculations, abbreviated as XX-CCSD, with or without fT corrections,
were carried out for the frans geometry. The IP calculations were carried out by removing an a- or -spin
electron, as appropriate, from the unrestricted X?A,, anion reference. The EA transitions were analyzed by
adding an electron to either the closed-shell (restricted) X lAg or the unrestricted a3A,, neutral reference, as
appropriate. The VDE (exper) value is determined from the model fits to the experimental photoelectron
bands shown in Figure 5.4. “Energy values are given in electron-volts, relative to the trans-anion ground
state. Recommended theory values in bold.
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Table 5.3: Nominal electron configurations and relative energies of the ground electronic state of the
oxalyl chloride anion and several lowest electronic states of the neutral at the cis geometry

nominal electron configuration method? rel. energyb
X?By:...(13a1)*(3a)?>(12b1)?(3b2)? (4b,)"! anion ground state ACCSD 0
X'A;:...(13a1)%(3ay)?>(12b;)?(3b2)? closed-shell singlet ACCSD(T) 2.264
EA-CCSD 2.197
IP-CCSD 2.340
IP-CCSD(fT) 2.261
a®B; :...(12a1)%(3a2)?(12b1)%(3b2)?(13a;) ' (4b) ! lowest triplet IP-CCSD 5.491
IP-CCSD(fT) 5.429
A'By:...(12a1)%(3a2)*(12h1)2(3b2)?>(13a1)! (4b,)! open-shell singlet  IP-CCSD 5.663
IP-CCSD(fT) 5.571

4All calculations were carried out with the aug-cc-pVTZ basis set. The ACCSD and ACCSD(T) results were
obtained as differences between the absolute CCSD or CCSD(T) energies of the target state and the cis-anion
ground state, determined in separate calculations. Zero-point vibrational energy corrections are not in-
cluded. Single-point EOM-XX-CCSD (XX = IB, EA) calculations, abbreviated as XX-CCSD, with or without
fT corrections, were carried out for the cis-anion geometry (Table 5.1). The IP calculations were carried out
by removing an a- or B-spin electron, as appropriate, from the unrestricted X?B, anion reference. The EA
transitions were analyzed by adding an electron to the closed-shell (restricted) X'A; neutral reference. The
fT corrections from the trans calculations (Table 5.2) are used here. bEnergy values are in electron-volts,
relative to the cis-anion ground state. Recommended values are in bold.
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dictions of the ezDyson program by Gozem and Krylov [77, 78]. Both the HF and Dyson or-
bitals shown in Figure 5.1 were imported into ezDyson, and the eKE-dependent photoelectron
anisotropy values were calculated for each MO by expanding the continuum state of the elec-
tron in partial waves up to [ = 6. Figure 5.5 shows the resulting (¢) curves. The overall agree-
ment between the model and the experiment is quite good. The slightly better apparent agree-
ment of the HF curve with 355 nm data point should not be overinterpreted: the Dyson orbital

is a rigorously more accurate approach to modeling the PADs [76].

5.5 Comparison to other anions in the glyoxal family

Figure 5.6 compares the published anion photoelectron spectra of biacetyl (532 nm) [15], methyl-
glyoxal (612 nm) [17], and glyoxal (532 nm) [16] to the results for oxalyl chloride (355 nm). Each
spectrum consists of a single band due to the photodetachment from the ground state of the

anion to the ground state of the neutral.

The electron affinities and detachment energies follow the trend: biacetyl < methylglyoxal <
glyoxal « oxalyl chloride. Specifically, the anion VDEs are 1.12(5) eV for biacetyl, 1.20(4) eV for
methylglyoxal, 1.30(4) eV for glyoxal, and 2.33(4) eV for oxalyl chloride. Each of these molecules
is obtained by the substitutions indicated in Figure 5.6, with glyoxal being the original member
of the series. The electron-donating property of methyl has a destabilizing effect on the an-
ion, progressively reducing the electron affinity from unsubstituted glyoxal to singly substituted
methylglyoxal and to doubly substituted biacetyl. In contrast, the strong electron-withdrawing
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power of two very electronegative chlorine substituents in oxalyl chloride lends significant sta-

bilization to the anion, resulting in a large (~ 1 eV) increase in the detachment energy.

5.6 Summary

We have investigated both experimentally and theoretically the structure of oxalyl chloride and
its anion. The photoelectron spectra and angular distributions obtained at 355 and 532 nm
were interpreted in terms of a transition from the ground state of the anion to the ground state
of the neutral. The band’s onset at ~1,8 eV corresponds to the previously unknown adiabatic
EA of oxalyl chloride and is in good agreement with the theory prediction of EA = 1.797 eV. The
observed VDE of the anion, 2.33(4) eV, is also in excellent agreement with the corresponding
theory predictions. The 532 nm photoelectron spectrum additionally reveals an uncharacteris-
tically sharp onset near the photon-energy limit, assigned to autodetachment via a low-energy

anionic resonance in oxalyl chloride.

These results should be viewed in the broader context of the organic substitution series, which
includes glyoxal, methylglyoxal, biacetyl, and oxalyl chloride. The electron affinities and anion
detachment energies in this series follow the trend: biacetyl < methylglyoxal < glyoxal < oxalyl
chloride, which confirms the known properties of the substituents. Specifically, the electron-
donating character of CH3 imparts a progressively destabilizing effect on the methylglyoxal and
biacetyl anions (singly- and doubly-substituted, respectively). In contrast, the strong electron-
withdrawing character of Cl strongly stabilizes the anion of oxalyl chloride, resulting in a large
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increase in its detachment energy, compared to that of unsubstituted glyoxal.

78



128
126 130

73
71 75

T+l rrn»rr . nn. .. ,pr oo, T Tr . . T, .7 T 1

60 70 80 90 100 110 120 130 140 150
Anion mass / a.m.u.

Figure 5.3: Representative parent-anion mass spectrum. Three-pronged combs indicate mass triplets
corresponding to ions with two chlorine atoms. The oxalyl chloride, (COCI);, tripletis m/z =126 128 —
130. m/z =70—72—74 corresponds to Cl, and m/z =71 -73 —75 to HCl, . Tentative assignments of
some other peaks (not marked in the figure): m/z = 94 -96 — 98 is (CCl);; m/z = 98 — 100 — 102 is the
anion of phosgene, COCI; .
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Figure 5.4: Anion photoelectron images and spectra of oxalyl chloride. (a) Overlaid 355 nm (blue) and 532 nm
(green) spectra. Relative normalization is arbitrary. (b) The 355nm photoelectron image, with the right and left
halves corresponding to the raw and Abel-inverted data, respectively, and corresponding energy spectrum (blue).
The vertical double arrow indicates the laser polarization direction. The red vertical arrow indicates the VDE =
2.33(4) eV. (c) The raw 532 nm photoelectron image and the corresponding energy spectrum (green).
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Figure 5.5: Symbols: the photoelectron anisotropy (f) values determined from the 355 nm and 532 nm
experimental data, plotted against the corresponding average eKEs. The large horizontal error bars indi-
cate the respective energy ranges over which the PADs were analyzed. The vertical error bars represent
the statistical uncertainties in determining the 8 values. Black dashed and red solid curbes: the f(e)
trends predicted by ezDyson based on the HF and Dyson orbitals, respectively, shown in Figure 5.1.

—CH,

] || [ -2

L AT
' V

V.

5

M

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Electron Binding Energy / eV

Figure 5.6: Comparison of the anion photoelectron spectra of (left to right) biacetyl (532 nm), methyl-
glyoxal (612 nm), glyoxal (532 nm), and oxalyl chloride (355 nm). Black arrows above the spectra indicate
the respective substituents: —CHjs (x2) in biacetyl, a single —CHs group in methylglyoxal, —H (i.e., no
substitution) in glyoxal, and —Cl x 2 in oxalyl chloride.

81



Chapter 6

Summary and future directions

In this dissertation, we presented the study of cluster anions of BA using photolectron imaging
spectroscopy, supported by geometry optimization calculations. We showed that BA, and BA;
have sandwich-like structures, enabled by flat geometry of BA, the excess charge being delocal-
ized over the whole clusters. The delocalization is facilitated by the HOMO of BA through = —

interaction of 7 lobes situated along the central C-C bonds of BA molecules.

We also presented comparative study of the substitution series (Figure 1.1), which includes gly-
oxal, methylglyoxal (single methyl substitution), biacetyl (double methyl substitution), and ox-
alyl chloride (double chlorine substitution). We characterized several lowest electronic states of
methylglyoxal and oxalyl chloride, and determined their EA for the first time. The EAs and an-
ion detachment energies follow the trend: biacetyl < methylglyoxal < glyoxal <« oxalyl chloride,

confirming the destabilizing electron donating nature of methyl group and the strong electron-
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withdrawing power of Cl.

As a continuation of the research presented here, one can expand the study of cluster anions
of BA to larger clusters. Another option is to study cluster anions of BA in a more realistic
environment, as opposed to high vacuum. For example, the clusters can be solvated by wa-
ter molecules, the most common solvent in chemistry. In both cases, it will be interesting to
see how much perturbation is necessary to prevent charge delocalization. A third avenue of
research could be a study of cluster anions of oxalyl chloride. Oxalyl chloride has the same
geometry as biacetyl and the HOMO of its anion is quite similar to the HOMO of biacetyl an-
ion (Figures 4.7, 5.1), but its EA is almost an eV larger than EA of biacetyl. On the one hand,
the high EA keeps an electron tightly bound to the oxalyl chloride anion, which seemingly pre-
cludes electron sharing between several molecules. On the other hand, it gives strong electron-

withdrawing power to neutral oxalyl chloride, which may suggest formation of polymer anions.
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