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Chapter 1

General Introduction



1.1. Photochemistry of Transition Metal Carbonyl Complexes

Study on photochemical reactions of organic molecules has developed a variety
of techniques to deepen our understanding of such reactions. In particular, optical
techniques, including lasers, have been widely used in the study of photochemical
reactions of organic molecules and have played an important role in elucidating the
dynamics and reaction pathways of photochemical reactions. The development of laser
technology has contributed greatly to the elucidation of the photochemical reaction
dynamics of organic molecules. For example, time-resolved measurements using
femtosecond lasers with short pulse widths make it possible to observe the formation of
reaction intermediates by photoexcitation and their behavior with high temporal
resolution. This enables detailed elucidation of the rate constants of photochemical
reactions and the behavior of intermediate steps in the reaction pathway. Furthermore,
optical techniques combined with frequency-resolved methods such as infrared
spectroscopy, Raman spectroscopy, and resonant multiphoton laser excitation contribute
to the analysis of electronic and vibrational states of organic molecules in photochemical
reactions. These techniques allow detailed analysis of vibrational energy excitation by
photoexcitation and structural changes of molecules in the reaction pathway. Laser-based
optical methods, such as flow cell experiments and time-resolved measurements, are also
used to control photochemical reaction conditions and analyze products. Advances in
optical techniques, including lasers, are essential tools in the study of photochemical
reactions of organic molecules. Combined, these techniques provide detailed information
on the dynamics of photochemical reactions of organic molecules and on the elucidation
of reaction pathways. Furthermore, the application of optical techniques is expected to

have applications in a wide range of areas of organic molecular chemistry, such as the



development of new photocatalysts and improvement of the efficiency of organic
synthesis.

On the other hand, in the basic physical photochemical reactions of transition
metal complexes, it is difficult to obtain detailed experimental data as for organic
molecules. Compared to organic molecules, transition metal complexes have more
complex structures and reactivity, and understanding their photochemical reactions
requires more advanced experimental techniques and theoretical approaches. Many
factors are involved in the photochemical reactions of transition metal complexes,
including the electronic state of the metal center, the vibrational state of the ligand, and
the steric structure of the complex. Detailed analysis of the interactions and effects of
these elements requires a combination of advanced experimental techniques and
theoretical modeling. Current studies of basic physical photochemical reactions of
transition metal complexes use some optical methods, including time-resolved and
frequency-resolved methods'?. However, detailed information on the dynamics and
reaction pathways of photochemical reactions of transition metal complexes is still
insufficient. This is due to the complex behavior of the complexes and the difficulty in
elucidating the reaction mechanisms. Therefore, we focused on the photochemical
reactions of metal carbonyl complexes. Metal carbonyl complexes are complexes with a
bond between a transition metal and a carbonyl group, and are important compounds with
a wide range of application areas. Elucidation of their properties and reaction mechanisms

is of great significance in the fields of catalysis, materials science, and organic synthesis.>
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1.2 Overview of features and application areas of transition metal carbonyl
complexes
1.2.1 Bonding Properties of Transition Metal Carbonyl Complexes

Transition metal carbonyl complexes are compounds with a special bond formed
between a transition metal and a carbonyl group (CO) This bonding property has
important effects on the stability, reactivity, and photophysical properties of the
complexes. First, the most characteristic bonding in transition metal carbonyl complexes
is the bonding by o-donation and m-back donation. This bonding allows the carbonyl

group to coordinate to the transition metal center, forming a stable complex. Figure 1-1

shows the bonding scheme of metal-CO in the Dewar—Chatt—Duncanson model.

H 8-

Figure 1-1. Dewar—Chatt-Duncanson model bonding scheme of CO to a

transition metal.

The n back donating and - donating bond plays an important role in the bonding
properties of transition metal carbonyl complexes. These bonds are formed between the
d orbital of the transition metal and the n* orbital of the carbonyl group. This bond attracts
the electron density of the transition metal to the carbonyl group, polarizing the bond.

This polarization is known to change the vibrational frequency and reactivity of the



carbonyl group and promote photodissociation and electron transfer reactions.

These interactions significantly affect the electron density distribution between
the metal center and the ligand. ¢ donation refers to the transfer of electrons from the
ligand to the metal center. In this process, electrons are donated from the non-bonding
orbitals of the ligand to the empty d orbitals of the metal. This strengthens the bond
between the metal and the ligand. On the other hand, © backdonation refers to the transfer
of electrons from the metal center to the ligand. In this case, electrons are transferred from
the filled d orbitals of the metal to the empty n* orbitals of the ligand. The bond length of
the CO changes depending on the extent of these interactions®. Therefore, the
measurement of the CO stretching frequency observed by infrared absorption is a

commonly treated method in spectroscopic experiments on metal carbonyl complexes’.

1.2.2. Optical absorption properties and electronic excited states

The photochemistry of transition metal carbonyl complexes has been applied in
the fields of synthesis, photoinduced CO-releasing molecules, photocatalysis, and
photopolymerization® 2. These are due to the high optical absorption coefficient and high
reactivity of transition metal carbonyl complexes. Therefore, absorption properties and
electronic excitation states are important factors in the photophysical properties of the
complexes, and their understanding is important for elucidating the optical responses and
photochemical reactions of transition metal carbonyl complexes. Optical absorption
spectra and time-resolved analyses reveal the details of the excited states, energy levels,
and relaxation processes of the complexes. This is expected to contribute to the
development of applications of complexes with light, such as the control of photoexcited

reactions and the rationalization of photocatalytic reactions.
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Figure 1-2. Molecular orbital diagram for a transition metal complex. The arrows

represent electronic transitions.

Figure 1-2 shows a commonly used type of absorption bands and excited state
assignments for mononuclear metal carbonyl complexes. In complexes where the d
orbitals are partially filled with electrons, the interaction with the ligand splits the d
orbitals, producing absorption bands that represent excitations between the d orbitals.
Since this d-d ligand field (LF) transition involves molecular orbitals (MOs) that are
predominantly metallic in nature, the resulting electronically excited state is also referred
to as a metal-centered (MC) excited state. The d-d transition states are located at lower
energies and appear in the visible region. However, in centrosymmetric complexes, the

LF band is Laporte forbidden, therefore the extinction coefficient is usually relatively low.
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The transition from the metal d orbital to the CO ligand is called the metal-to-ligand
charge transfer (MLCT) transition. This transition is not forbidden like the d-d transition
and has a high absorption cross section. It is observed over a wide UV-visible region.
Other transitions include charge transfer transitions from CO ligands to metals (LMCT;
ligand-to-metal charge transfer) and transitions between CO ligands (IL; intra-ligand),
which require high energy and are not observed in the UV-visible region. However, it is
important to note that many of these ligands and many orbitals described as metal-

localized orbitals are in fact of mixed nature.
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Figure 1-3. Energy diagram illustration the photo-excitation, non-radiative
relaxation and photo-emission processes in a transition metal
complex. GS, ES, IC, ISC in the figure are grand state, excited state, internal

conversion, and intersystem crossing, respectively.

12



The reaction pathways after light absorption in transition metal carbonyl
complexes are complex. Figure 1-3 schematically shows the reaction path after
photoexcitation. Electrons excited by light energy relax through several possible
pathways, moving between various energy levels. The more complex the structure of the
complex, the higher the density of excited states and the greater the probability of going
through non-radiative processes such as internal conversion and inter-term crossing.
These processes involve the transfer of electrons from one excited state to another without
any energy release. This allows the complex to eventually relax to the ground state, where
thermally driven chemical reactions can occur. The excited state of the complex can also
emit light through a radiative process, which is observed as a luminescence spectrum. In
addition, if the energy difference is sufficiently large, dissociation from the excited state
may proceed, opening new reaction pathways as the ligand is desorbed. Thus,
photoinduced reactions of transition metal complexes involve many competing processes

and are an important means of altering the chemical properties of the complexes.

1.3. Photodissociation Reactions of Transition Metal Carbonyl Complexes
Many transition metal carbonyl complexes are known to undergo dissociation upon light
absorption.
M(CO),, + hv - M(CO),,_, + xCO

The dissociation products are unstable, and dissociation mechanisms have long been
studied. Low-temperature matrix experiments will enable us to immobilize short-lived
unsaturated products and analyze their structures in detail'*'®, However, the energy
information of the photogenerated unsaturated complex is lost due to collisions with

surrounding molecules. In order to study photoreactions in detail, it is important to study
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them in the gas phase.

1.3.1. State-Resolved Experiment in 1980s
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Figure 1-4. Rotational distributions for the CO in v = 0 photoproduct from the

193 nm photolysis of Fe(CO)s plotted in the form of Boltzmann plots.

The plot is transferred from the reference 17.

There are very few reports on the state-selective experiments of CO fragment.
However, in the photodissociation experiments of Fe(CO)s in the 1980s, CO fragment
state selection was performed. CO photofragments generated by UV light were excited to
the A state by vacuum UV light, and the subsequent emission was measured to determine
the rotational distribution for each vibrational state v = 0, 1, 2.!7 Figure 1-4 plots the
rotational distribution of CO in v = 0 photoproducts from the 193 nm photolysis of
Fe(CO)s in the form of a Boltzmann plot. The temperatures obtained by Boltzmann fitting
from the obtained rotational distributions and the rotational temperatures obtained by the
statistical sequential dissociation model using RRKM theory are consistent, suggesting a

statistical sequential dissociation model as the dissociation reaction mechanism. However,
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as will be discussed later, with the advent of time-resolved experiments, a fast dissociation

mechanism that cannot be explained by statistical dissociation has been observed. This is

because CO fragments and their pair products have not been uniquely determined.

1.3.2. Ultrafast Time Resolve Experiments in 1990s~2000s

Figure 1-5.
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Potential energy surface and pathway scheme for UV photolysis of
Fe(CO)s proposed by Trushin ef al. The numbers in the figure are
time constants and are on the order of fs. The plot is transferred from

the reference 18.

Advances in laser technology have revolutionized the field of time-resolved

experiments, particularly with femtosecond lasers. Advances in this technology have

made it possible to observe reaction processes on extremely short time scales, revealing
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transient phenomena that could not be captured by conventional methods. Particularly
noteworthy in this field are the femtosecond laser experiments by Trushin et al'®!? Using
pump light with a wavelength of 267 nm and probe light with a wavelength of 800 nm,
Trushin et al. precisely measured the signal intensity of transient unsaturants by setting a
specific delay time. This technique allowed us to determine the time constant of the
reaction, on the basis of which a dissociation reaction model shown in figure 1-5 was
proposed. The model is a fast internal conversion to the dissociative LF (Ligand Field)
state, especially after the MLCT (Metal-to-Ligand Charge Transfer) transition of the
metal complex. After this internal conversion, the 1st CO desorption reaction occurs at a
remarkable rate of within 100 fs.

This is the fact that the dissociation reaction proceeds in the singlet state even
though the electronic ground state of Fe(CO)a is in the triplet state. This fact provides new
insights into the dynamics of electronic states in the dissociation process. These proposed
dissociation models are proposed to apply equally well to metal carbonyl complexes of
the M(CO)¢ type, furthering our understanding of the photochemical reaction

mechanisms of metal carbonyls.!*°
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1.3.3. Ultrafast Time Resolve in 2010s
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Figure 1-6. Integrated intensities of CO, Fe(CO)4, and Fe(CO);3 valence

photoelectron peaks (1 and 2) versus pump-probe delay time.
The best fit of a kinetic model is shown as solid lines with the

respective components. The plot is transferred from the reference

21.

Experiments have also been conducted to support the model of Trushin et al. The
model assumes sequential dissociation. However, it remains unclear whether the
dissociation occurs simultaneously or sequentially. Also, the time constants obtained did
not uniquely identify the species. To address this issue, Wernet et al. designed and
performed a time-resolved experiment using photoelectron spectroscopy.?! By employing
this advanced experimental technique, they were able to observe the reaction process on
a very short time scale and directly follow the sequential dissociation process. Specifically,
they performed experiments on the photodissociation reaction of Fe(CO)s and analyzed
in detail the time evolution of the signals corresponding to the products CO, Fe(CO)s, and
Fe(CO);, as shown in Figure 1-6.

The experimental results were surprising: it was observed that the time variation

of the signal corresponding to CO and the Fe signal corresponding to Fe(CO)s and
17



Fe(CO)3 coincided perfectly with the time constant. This coincidence provides direct
evidence for a sequential dissociation process in which Fe(CO)s first dissociates into
Fe(CO)s and CO, and then Fe(CO)4 further dissociates into Fe(CO)3; and CO. This result
strongly supports the model proposed by Trushin et al. and opens a new breakthrough in

understanding the dissociation mechanism of chemical reactions.

1.4. This Study

Studies of photodissociation reactions of metal complexes have used two main
approaches: time-resolved and energy-resolved approaches. The time-resolved approach
is superior in capturing the temporal changes in the reaction over a short time span, but
has the limitation of relatively low energy resolution. On the other hand, the energy-
resolved approach uses pulses with narrower energy widths to precisely measure the
energy state distribution of fragments but has lower temporal resolution, mainly
observing only fragments after the reaction is complete. These methods are
complementary to each other, and both perspectives are important for understanding the
detailed mechanisms of photodissociation reactions of metal carbonyl complexes.
However, previous studies have been insufficient to detect CO fragments and to assess
their role as end products in energy transfer and photodissociation. Despite the importance
of the findings, especially those obtained from the energy resolution approach, research
in this area has not yet progressed sufficiently. One reason for this is the phenomenon of
"ladder switching" in metal complexes with high absorption cross sections, in which the
dissociatively generated fragments further progress in optical absorption, eventually
progressing to bare metal atoms.??>* In this process, it is difficult to uniquely determine
which dissociation process each CO fragment originates from, and the analysis becomes

more complicated as the number of CO fragments increases.

18



Therefore, in this study, the ion imaging method is used to clarify the elementary
reaction processes of the detected CO fragments. This methodology will allow us to
investigate in detail the origin and dynamics of CO fragments in the photodissociation
reaction of metal carbonyl complexes, which has been difficult to elucidate using
conventional methods. This advance will lead to a better understanding of the
photochemistry and photophysical chemistry of metal complexes and pave the way for

the development of new photoinduced reactions.
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Chapter 2

Experimental methods and analysis
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2.1.  Experimental Principle

2.1.1 Resonance Enhanced Multiphoton Ionization and Non-Resonance

Ionization
(a) Resonance ionization scheme  (a) Non-resonance ionization scheme
CO photofragments TMCs photofragments
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Figure 2-1. Scheme of REMPI and non-resonance ionization processes.

The ionization process involves state-selective ionization using resonance and
non-resonant state-selective ionization. Figure 2-1 shows the ionization schemes. The
Resonance Enhanced Multi-Photon Ionization (REMPI) method is a technique for
detecting dissociation reaction products under very low pressure. In this method, a
molecule reaches a resonance state when one or more photons are absorbed by the
molecule and their energies match the energy difference between the ground and excited
states. In the REMPI method, the number of photons involved in the resonance transition
(n) and the number of photons required for the subsequent ionization transition (m) are
expressed together as [n + m] REMPL

Ionized molecules pass through an electric field and are separated and detected
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by a time-of-flight (TOF) mass spectrometer. REMPI spectra are obtained by monitoring
the rate of ion production while varying the laser frequency. The intensity of the spectrum
depends on the line strength factor and the population of molecules in a particular state.
This makes it possible to measure the final state distribution of dissociation products from
the REMPI spectrum.

State-selective ionization of molecules with dense electronic states, such as
coordination unsaturated molecules, is difficult. However, when photoabsorption exceeds
the ionization threshold, they ionize non-resonantly without going through a transition
state. Metal complexes excited to an internal hot by multi-step photodissociation can
observe the signal remarkably. In particular, since metal atoms cannot dissociate or
otherwise release energy, the ion signal is observed several hundred times stronger than
that of other unsaturated materials. The ion intensity depends on the population, laser
intensity, and absorption cross section. Since the absorption cross section is wavelength

dependent, the non-resonant ion signal intensity also varies with wavelength.
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2.1.2 CO REMPI Spectroscopy
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Figure 2-2. Potential energy curves for CO and CO™. The plot is transferred from
the rereference 1.

In the potential energy curves for each electronic state of CO shown in Figure 2-
2, the BIX*-X13* transition process is the most used transition for laser ionization
detection of CO.? The spectroscopic constant is reported and the band origin of the B1x*—
X%+ transition places at 115.05 nm *3. This energy is in the vacuum ultraviolet region,
but the transition is possible with two-photon absorption at 230.10 nm. Explicit two-
photon absorption cross sections for linearly and circularly polarized rotating diatomic
molecules were derived by Bray and Hochstrasser.® Because 2’ = 2" = 0 for the B-X
transition of CO, there are only O-, Q-, and S-branches (AJ= 0, £2) in the REMPI
spectrum. Furthermore, the O- and S-branches are negligible in intensity for linearly

polarized light. However, as shown in Figure 2-2, v’ > 2 in the B-X transition is
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decomposed into C and O by predissociation. Therefore, it is difficult to detect CO with

v’>2 in the UV region.

B A—--7 B AV--8

Bl A—-9 I Av=-10

Cav=-11 [ O T N Y S O B

13 5
g T T T T T T T T O O T |
11 23

"6'0_2- T R T O Y Y Y TR Y I |
& 10 21
c (T I I T
_8 12 (v") 19
c
o
3 o
L _
3] ! M
c
| |M-|‘hllhl|m
L

210 220 230 240 250 260 270

Wavelength / nm
Figure 2-3. Frack-Condon factors for CO A-X transition and band origins.

Vibrationally excited states via the B state cannot be detected by predissociation,
while very highly vibrationally excited CO with v>10 can be detected in the UV region
by using ATI-X2* Fourth positive system transitions. Figure 2-3 shows the position of
the band head and the magnitude of the Franck-Condon factor. In the ultraviolet region,

the P, Q, R-branch is observed because of the one-photon transition to the A state.

2.1.3 Time of Flight spectroscopy

Molecules and atoms ionized by resonance and non-resonance can be separated
by mass by applying an electric field. Defining the electric field as V, the fragment mass

as m, the, the electric charge as z, and the elementary charge as e, respectively, the kinetic
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energy of fragment ions E' = %mvz is converted from the electric field by equation (1).
1
zeV = =muv? (1)
2
If an ion detector is placed in the direction of acceleration of ions by an electric field,
mass selection can be done by time of flight. If the flight distance to the detector is L and

the time of flight is ¢, the following equation is obtained.

L my [ L?
- = |(E) (= (2)
t v (z ) (ZeV>
A mass spectrum can be obtained when the horizontal axis is time and the vertical axis is

ion intensity. To obtain wavelength dependence, this TOF spectrum is used in

combination with a non-resonant ionization method.

2.1.4 Velocity-Map Imaging (VMI)

The dissociation mechanism is sensitive to the motion on the potential surface
and can be considered by measuring the angular and velocity distribution of the
dissociation products. If the ionized atoms or molecules have the same velocity
component parallel to the detector after ionization, they can be mapped to the same spot
on the detector independent of the initial position of the molecules. Furthermore, since it
is possible to obtain the entire angular distribution in a single measurement, it has been
an effective experimental technique for dissociation dynamics research since it was

developed around 1990.”:8
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Figure 2-4. Schematic diagram of velocity map imaging (VMI) device.

Figure 2-4 shows a schematic diagram of the VMI system. The accelerating
electrodes accelerate ions in the z-axis direction and the voltage is adjusted so that the
velocity vectors (vy, v,) of the ions diffused by the dissociation are detected at the same
spot. The ions arrive at the detector with a mass-dependent time of flight. The detected
image is a two-dimensional image of a three-dimensional ion cloud projected in two
dimensions, as shown in the figure. The observed ion scattering distribution image is
reconstructed into a three-dimensional distribution by a mathematical method called the
Abel transform; by extracting two-dimensional slices from the three-dimensional
distribution, a velocity vector (vy, v,,) image is obtained. By integrating the obtained
images in the velocity and angle directions v and 6, respectively, the velocity distribution
P(v) and the angle distribution /() are obtained.

The radial distribution of CO fragments obtained from the scattering distribution
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is calibrated to velocity based on previous studies, and the velocity per unit pixel is
obtained exactly from the conversion factor. On the other hand, the velocity calibration
of the unsaturated fragment M(CO)., for which no previous study is available, is
approximated from the mass ratio to the velocity calibrated CO fragment. The radial

distance r depends on the fragment velocity v and time of flight ¢t.

r=uvt 3)
Since the t is obtained from TOF, we obtain

Mmco
UM(C0), = mvco 4)

Then, it is possible to approximate the unknown velocity calibration from the known

velocity calibration.

2.1.5 VMI Experiment

Source chamber Detector chamber lon i
(10° Torr) (108 Torr) on images
—————————— roo——— e
PuIse(clegas;)valve Aclceleration electrodes MCP detector CD camora

fragment

PMT
TOF & REMPI spectrum

Figure 2-5. Schematic experimental setup.

The experimental setup is shown in Figure 2-5. The experiment was performed
using a standard velocity-mapped imaging (VMI) apparatus consisting of a supersonic
molecular beam source and an ion imaging system with a time-of-flight (TOF) mass

spectrometer. The details of the experimental setup are also described elsewhere.”!° The
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gas sample, diluted with He, was supersonically expanded in vacuum through a
piezoelectric pulse valve at a stagnant pressure of 2 bar. The molecular beam was
skimmed (1.5 mm diameter) before entering the ion imaging detector chamber. The
internal pressures of the source and detector chambers were on the order of 10" Torr and
1077 Torr, respectively, when the pulsed molecular beam was injected repeatedly at 10 Hz.
The molecular beam intersected perpendicularly with the laser beam that was loosely
focused between the VMI electrode plates. The laser beam was generated using a
frequency doubled wavelength tunable dye laser (CobraStretch, Spectra Physics) excited
by the third harmonic of an Nd:YAG laser (LAB-170, Spectra Physics). Photolysis and
photoionization occur within the same laser pulse. The pulse width is approximately 10
ns. Photoionized fragments are quickly extruded into the MCP detector (chevron type, 40
mm dia., Photonis) by the VMI electric field generated by the three electrodes. Mass
spectrometric separation of photoionized fragments is achieved by TOF in the field-free
region (490 mm) and gating of the MCP detector (gate width 100 ns) by a high-voltage
pulser module with a MOSFET transistor switch (HTS 31-06, Behlke). Mass analysis of
photoionized fragments is achieved by time-of-flight (TOF) measurements in a 490 mm
field-free space and microchannel plate (MCP) detector with a gate width controlled by
a high-voltage pulser using a MOSFET transistor switch (HTS 31-06, Behlke) This is
done by gate operation. The ion yield corresponding to the spectral intensity is obtained
from the photomultiplier tube (PMT, R2496, Hamamatsu Photonics) emitted from the
MCP. Scattering images are obtained from the emission from the ion hit positions using

a CCD camera (C8800, Hamamatsu Photonics).
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2.2. Velocity Distribution Analysis in the Center-of-Mass Coordinate System
The python language has a wide variety of libraries for machine learning, and
there are also plenty of reference books available to make it easy for anyone to do machine

learning.

2.2.1 Convolution of velocity distribution by multi-step dissociation

In the photodissociation of the transition metal carbonyl complex M(CO)x,
sequential dissociation proceeds easily.

M(CO), + hv - M(CO);_, + CO
M(CO)y_, —» M(CO),_, + CO

The astarisk indicates an internally hot state, and sequential dissociation proceeds when
the internal energy exceeds the bond dissociation energy. The velocity distribution of the
dissociation products after the 1st photodissociation detected in the molecular beam
photodissociation experiment does not reflect the velocity distribution in the center of
mass (CM) coordinate system due to the bottom-up of the recoil velocity by the 1st
photodissociation. Then, the CM velocity distribution of the second-order dissociation
products is considered from the coupled vector model. Here, the velocity vector of each
M(CO)x-» (n > 0) in the experimental system is denoted by v, the velocity vector in the
CM system by u, and n as a subscript can be expressed as follows: the velocity vector of
the unsaturated M(CO),.1 produced by the first-order photodissociation of M(CO)y is
denoted by v, and the velocity vector of the unsaturated M(CO),.1 recoil velocity vector
due to the dissociation of M(CO).-2 is u,, and the observed velocity vector of unsaturated
M(CO)y-2 is v,. In the molecular beam experiment, the velocity vector v, of the fragment

corresponding to the 1st photodissociation process is v; = u, since the parent molecule
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has no initial velocity. The following relationship equation holds for v, u,, and v, as

shown in the figure 2-6.

v1 + uz - 172 (5)
u
v, 2
L
Figure 2-6 Vector coupling model for second-order dissociation

The velocity vector distribution PX45(v,) is obtained by convolving PL48(v,) and

P£M (u,) with the following formula,

P (w,) = [ PP (,)PE (), ©)
In the polar coordinate representation dv; = v sin 8 dv,dfd¢,
0 ~TT 2T
PIAB (p,) = f f f P (0,)PEM (uy)v? sin 6 dpdfdv; (7)
o Jo Jo

When PE4B(v,) and PSM(u,) are isotropic scattering distributions, PE4B(v,) is
independent of 8 and ¢. On the other hand, P,(u,)can be integrated only with ¢ from

the following equation, since u, = v, — u, from the coupled vector model.

w, = || = v, — 11| = [v]% — 2[v;[|v1] cos 6 + |1y |2 (8)

Therefore, equation (7) can be further transformed to following equation

[ee) T

PLAB (v )v? f PfM(uy) sinf d6 | dv, 9)

P48 (vy) = Zﬂf
0

0

In the case of isotropic scattering distribution, the velocity distribution P(v) and the

velocity vector distribution P (v) have the following relationship.

P(v) = 4nv?P(v) (10)

Therefore, transforming equation (9) into a velocity distribution yields

32



pLAB pLAB PM(u
2 \V2) (Uz) f l 1 (171) M ingdo dvl (11)
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For isotropic scattering distribution, it is p0551ble to obtain P{™(u,) analytically by

measuring only the velocity distribution.

2.2.2 Extracting velocity distributions in the CM system by multiple
regression analysis

It is difficult to directly obtain the velocity distribution in the center of mass
coordinates of a secondary dissociation fragment from Eq. (11). However, it is possible
to obtain an approximate solution by regression analysis. Regression analysis is a method
of modeling and analyzing the relationship between two or more variables in statistics.
Regression analysis estimates the relationship between variables and is widely used in
various analyses. the PS™ (u,) extraction method consists of three steps; (1) creation of a
group of independent functions in the center of mass coordinate system (2) 3D
convolution (3) fitting by multiple regression analysis.

Since P£M(u,) can be expressed as a linear combination of any group of

independent functions q,, we have

PEM () = ) wigi () (12)

where q;(u,) is any independent function and w; are the coefficients.

Substituting this equation into Eq. (9) yields

[oe]

PZLAB(Vz) = Zﬂf

0

Applying [[f(x) + g(x)]dx = [ f(x)dx + [ g(x)dx,

[PfAB (v)v? fﬂ Z w;q;(u,) sin @ de] dv, (13)
0

o0 Vs
PiB(p,) = 2nw, j lPlLAB (v v? f q.(u,) sin @ del dv,
0
(14)

TE

+21w, f [ LAB (171)171 qz (uy)sin 6 del dv,
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e} s
+ -+ 21w, f [PlLAB (v v? f qn(u,) sin @ del dv,
0 0
Here, the following equation is defined,
o] s
27Twif lPlLAB (v)v? f q;(uy) sin 6 del dv; = w;0;(v,) (15)
0 0

Then, we get

PzLAB(Vz) =w1Q1(V2) + w0, (v2) + -+ + w0 (V)
(16).
= Z w;Q;(v2)

Converting q;(u,) to Q;(v,) does not change the coefficient w; , thus
optimizing the LAB system velocity distribution P+48 (v,) by fitting with ¥; w;Q;(v,)
to obtain w;, and applying this to Eq.(12), the CM velocity distribution PS™ (u,) is

obtained.

2.2.3  Error evaluation and gradient descent method

Gradient descent method

Mean squared error

Loss

-

Figure 2-7 The optimization process of w;.

Optimization is performed by iterating two steps: evaluating the error by loss
function and calculating the error gradient by gradient descent method, and then updating
the parameters (Figure 2-7). These methods are used in various situations such as
regression analysis and machine learning. There are various methods of loss function,
such as mean square error (MSE), root mean square error (RMSE), and coefficient of
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determination (R2), but in regression analysis, MSE is treated as the most common loss
function. MSE is given by the following equation
n
1 2
Loss =EZ(}/1’ -Y) (17)
i=1
y; and Y; are the i-th predicted and correct values, respectively. Since the
difference is evaluated as a quadratic function, the larger the value deviates from the
correct value, the more sensitive the evaluation property is. Based on the evaluated error,
the parameters are updated by the gradient descent method. The gradient descent method
is an optimization algorithm that minimizes the value of the loss function by calculating
the gradient (steepest direction of descent) of the loss function and updating the
parameters gradually along that gradient. This method is particularly effective when the
loss function has the form of a convex function with respect to the parameters. While
there are various methods available for gradient descent, Adam is an optimization method
with an adaptive learning rate that combines the advantages of moments and RMSprop

for efficient convergence.!!

2.2.4 Program Environment

Python 3 was used in the analysis. The integrated development environment
(IDE) was Google Colaboratory'?. It is a cloud IDE, so it does not depend on PC specs.
It also has many advantages such as free use of graphics processing unit (GPU). However,
the calculation itself can be performed in other environments. We used tensorflow/keras
to perform multiple regression analysis. keras is a neutral network library that can be run
on TensorFlow and has a feature that allows you to write code without being aware of the

detailed mathematical formulas included in machine learning models'>.
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2.3. Model validation
2.3.1 Simple fitting model

The model was validated by the model before actually applying it to the
experimental data. The figure 2-8 shows the hypothetical velocity distributions P42 (v,),
PfM(u,) and P28 (v,), where P24 (v,) was obtained computationally from Eq. (11).

The purpose of this validation is to regressively extract PSM (u,) from PF4B(v,) and

P{A% (vy).
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Figure 2-8 Hypothetical velocity distribution. The blue line is PF4Z (v,), the red

line is P¥™(u,), and the purple line is PX4E (v,).

The model was validated through the data processing steps shown in the figure 2-9.
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First, the function group q; applied the following functions.

o {1 2i < Velocity < 2i + 2
q‘ 0 else (18)

i=123..50
The following basis function groups @; in the LAB system were created from the
summation of discretized numbers based on equation (15), respectively. Figure 2-10

shows some of the results.

12 12z 12
— Pyl — Pyl —
i M n : 10 f y 10 Pul.
= '\ =— basis_ql i — basis_g5 f = basis_ql0
= o i conv_Q1 L i conv_Q5 o conv_Q10
E 06 —% 06 T 06
o | \ |
O 04 J \ 04 { 04
o '
02 T T 02 T 02
\\
00 0 1= ¥ ~ gl
o F-] 50 -] 100 ns 150 ms 200 [ E-3 50 ™ 100 s 150 17s 200 0 s 50 ™ 100 125 150 175 200
velocity
12 12
o m— Pyl
/ — basis_q15 & I
on conv_Q15 08 — PU1

. e e o 05 = basis_q50
" & conv_Q50
02 02

¢ 3 % 7 W00 1S B0 Vs MW 0 % 0 75 00 125 150 D5 200

Figure 2-10 Result of converting q; to Q; using Eq. (15). The black line is g;, the

blue line is PL48 (v,), and the yellow line is Q;.

When i is small, there is a noticeable noise around the peak. This is due to insufficient
discretization of the angles. However, since a finer discretization requires more time for
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computation, the optimization was performed as is in the introductory stage of the
computational model building.
Figure 2-11 shows the results of weight optimization using these weights.

However, the weights w; are non-negative. The number of parameter updates is fixed at

400.
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Figure 2-11. Fitting result. The black line is reproduced PS™(u,) by q;, the
red line is original PSM (u,), the purple line is PX45(v,), and the

yellow line is fitted result to PX48(v,).
The results did not reproduce the original distribution. This is because Q; and Q;,, are
highly correlated. Therefore, the fitting associated with the initial parameters results in
so-called overfitting, which is biased toward one distribution. To avoid overfitting, a
common measure is to reduce the complexity of the model or to use regularization

techniques to reduce the flexibility of the model, which was examined next.
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2.3.2 Regularized Model

When the correlation between explanatory variables is large, the weights are
biased toward only one of the variables. One way to avoid overfitting due to this
multicollinearity is to add a regularization term to the loss function that serves as a penalty
term for error evaluation. Ridge regression is a regression analysis method that adds a
penalty term to suppress over-learning when explanatory variables are strongly correlated.

The error evaluation function in Ridge regression is as follows
n n
1 2 2
Loss =EZ(yi -Y) +AZ w; (19)
i i

The first term on the right-hand side is the loss function, here MSE. The second term is a
penalty term called the L2 regularization term. A is the regularization parameter, the larger
this value, the stronger the penalty. Y w? is the sum of squares of the coefficients of the
explanatory variables, and the more biased the coefficients are, the greater the penalty. In
other words, overfitting can be avoided by suppressing the bias of the coefficients by
providing a penalty term as in the above equation. There is also lasso regression, which
uses a penalty term based on the sum of the absolute values of the coefficients of the

explanatory variables, but this will only be introduced here.
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Figure 2-12 Fitting result with Regularized Model. The magnitudes of the
penalty term are (a) 0, (b) 1 X 1076, (¢) 2 x 1076, (d) 1 x 1075,

Applying the appropriate parameters through ridge regression resulted in a
suppression of overlearning, as shown in Figure 2-12. However, if the value of A is too
large, reproduced P (u,) becomes broad, and if the value of A is too small, reproduced

PfM(u,) becomes overfitting. Therefore reproduced PSM(u,) becomes somewhat

arbitrary.
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2.3.3 Model with reduced parameters
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Figure 2-13. Neighboring Q; distributions (i = 1,2,10,11,20,21).

As shown in the figure 2-13, the correlation between neighboring Q; and Q;,4 is

strong, causing overfitting. Therefore, optimization was performed using 25 parameters

where i isodd (i = 1,3,5,...,49). The optimization was performed without a penalty term,

e, A=0.
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Figure 2-14. Fitting result with reduced parameters model.
The results shown in Figure 2-14 were effective in reducing overfitting. However, on the

low speed side, results due to over fitting have been obtained previously.
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2.3.4. Mixture of regularized model and reduced number of

parameters model
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Figure 2-15. Fitting result with mixture of regularized model and reduced number

of parameters model. The magnitudes of the penalty term are (a) 0,

(b)5%x 1077, (c) 1 x 1076,

Fitting was performed by simultaneously applying the model used in 2.3.2 and

2.3.3 with the addition of a penalty term and a reduced number of parameters. The most

reproducible results were obtained as shown in Figure 2-15. However, the results were

still overestimated at low speeds. Also, A is arbitrary. Therefore, it is questionable to what

extent the results are reproduced when the experimental values are applied.
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2.3.5 Multiple Outputs Model
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Figure 2-16 Image of data processing process of multiple outputs model.

In optimization processes with complex models and a large number of
parameters, inappropriate initial values can lead the optimization process in an
unfavorable direction, causing the algorithm to converge to a locally optimal solution
rather than the overall optimal solution. Therefore, we studied a model in which the
outputs are made numerous and the average value of the outputs is used as the result, so
that it does not depend on the initial values. Figure 2-16 shows an image of the data

processing.
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Figure 2-17. Fitting result with Multiple Outputs Model

When the result is the average of the number of 500 outputs, the result of the optimization
is as follows The over fitting result that had plagued us in the past was eliminated. Also,
the need to add a penalty term was eliminated, and the optimization could be performed
without arbitrary parameters. However, there is still an overestimation on the lower speed

side. This is due to the insufficient discretization of the calculation of Q;.
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Figure 2-18. Fitting result with Multiple Outputs Model and increased integration
accuracy. P¥48(v,) are generated by convolution of (a)Gauss +
Gauss, (b)Lognormal + Gauss, (¢) Lognormal + Lognormal,

(d)multiple-Gauss + Gauss.
When the discretization performed in the calculation of Q; was made finer to increase the
accuracy of the calculation, highly reproducible fitting results were obtained. In Figure
2-18(d), however, the number of basis functions was increased from 50 to 100. Although
a considerable number of parameter update steps were required, even strictly complex

functions could be reproduced for ideal functions without noise.

2.3.6 Removal of non-negative restriction on w;
The model so far has been sufficient to reproduce the velocity in the center of
mass coordinate system. When considering applying this to experimental data, it is not

certain whether the distribution data obtained is insufficient distribution. For example, it
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is possible that some of the fragments produced do not energetically reach the ionization
threshold by subsequent photoabsorption and do not ionize. An insufficient distribution
may appear as a non-physical distribution as a result of the fitting. For example, consider
the case where the velocity distribution of the precursor molecule has two components
(PF4B(vy) = PEAB (v,) + PE'B(v,)). Suppose that each of these dissociates to have a
velocity distribution in the CM system of P{™ (u,). By convolution of these distributions,
the velocity distribution in the LAB system of the fragment after dissociation is formed

from two components (PF48 (v,) = PE4B(v,) + PEIE(v,)). The behavior of P£M (u,) in
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Figure 2-19. Fitting result with removal of non-negative restriction on w;. (a)

model with non-negative limit on w; (b) model without non-negative
limit on w; (c) model with non-negative limit on w; and insufficient
P48 (1), and (d) model with non-negative limit on w; and

insufficient PX48 (v,).
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the nonnegative limit of w; was examined when the P+48 (v,) component did not cross
the ionization threshold and fitted for an insufficient distribution.

Figure 2-19 shows the fitting results including models with insufficient
P48 (p,). When there is no deficiency in the distribution being obtained, it reproduces
equally well with or without non-negative restrictions on the weights. Non-negative
restrictions on the weights, when there are deficiencies, result in a misperception as if the
distribution is obtained correctly. On the other hand, in the absence of nonnegative
restrictions, the distribution was unphysical with negative values. This property is a

criterion for determining whether the experimental data obtained is insufficient.
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2.3.7 Censoring of iterative calculations
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Figure 2-20. Fitting results for (a) 10 times, (b) 100 times, (c) 1000 times and
(d) 10000 times iteration.

In the previous calculations, the calculations were performed in the ideal case
without noise. Figure 2-20 shows the results of fitting P4? (v,) with random noise.
Attempts to reproduce up to noise indicate overfitting as the number of calculation steps
increases. When applied to experimental data, the number of iterations should be
determined based on the model. However, as the number of calculations increases, the
amount of change in error decreases exponentially, and hence the degree of structural

change in the graph also decreases exponentially.

48



References

1. Krupenie PH. The Band Spectrum of Carbon Monoxide. US Govt. Printing Office,
Washington: 1966.

2. Wurm S, Feulner P, Menzel D. Resonance-enhanced multiphoton ionization
spectroscopy of X(1)Sigma(+) and a (3)Pi carbon monoxide using electron stimulated desorption
as a source for rovibronically excited species. Journal of Chemical Physics 1996;105(16):6673-
6687, doi:10.1063/1.472334

3. MinaCamilde N, Manzanares C, Caballero JF. Molecular constants of carbon monoxide
at v=0, 1, 2, and 3 - A vibrational spectroscopy experiment in physical chemistry. Journal of
Chemical Education 1996;73(8):804-807, do0i:10.1021/ed073p804

4. Plyler EK, Blaine LR, Connor WS. VELOCITY OF LIGHT FROM THE MOLECULAR
CONSTANTS OF CARBON MONOXIDE. Journal of the Optical Society of America
1955;45(2):102-106, doi:10.1364/josa.45.000102

5. Rank DH, Guenther AH, Saksena GD, et al. TERTIARY INTERFEROMETRIC
WAVELENGTH STANDARDS FROM MEASUREMENTS ON LINES OF THE 2-0 BAND OF
CARBON MONOXIDE AND DERIVED WAVELENGTH STANDARDS FOR SOME LINES
OF THE 1-0 BAND OF CARBON MONOXIDE - THE VELOCITY OF LIGHT DERIVED
FROM A BAND SPECTRUM METHOD .4. Journal of the Optical Society of America
1957;47(8):686-689, doi:10.1364/j0sa.47.000686

6. Bray RG, Hochstrasser RM. 2-PHOTON ABSORPTION BY ROTATING
DIATOMIC-MOLECULES. Molecular Physics 1976;31(4):1199-1211,
doi:10.1080/00268977600100931

7. Chandler DW, Houston PL. TWO-DIMENSIONAL IMAGING OF STATE-
SELECTED PHOTODISSOCIATION PRODUCTS DETECTED BY MULTIPHOTON
IONIZATION. Journal of Chemical Physics 1987;87(2):1445-1447, doi:10.1063/1.453276

8. Eppink A, Parker DH. Velocity map imaging of ions and electrons using electrostatic
lenses: Application in photoelectron and photofragment ion imaging of molecular oxygen. Review
of Scientific Instruments 1997;68(9):3477-3484, doi:10.1063/1.1148310

9. Sumida M, Masumoto S, Kato M, et al. Internal and Translational Energy Partitioning
of the NO Product in the S2 Photodissociation of Methyl Nitrite. Chemical Physics Letters
2017;674(58-63, doi:10.1016/j.cplett.2017.02.044

10. Kohge Y, Hanada T, Sumida M, et al. Photodissociation dynamics of nitromethane at
213 nm studied by ion-imaging. Chemical Physics Letters 2013;556(49-54,
doi:10.1016/j.cplett.2012.11.076

11. Kingma DP, Ba J. Adam: A Method for Stochastic Optimization. In Proceedings of the

49



3rd International Conference for Learning Representations—ICLR 2015, San Diego, CA, USA, 7-
9 May 2015

12. Google. Colaboratory: Frequently Asked Questions.
https://research.google.com/colaboratory/faq.html.

13. Francois Chollet er al.,, Keras. https://keras.io/; 2015.

50



Chapter 3

Identification of High-v Excited CO Generation Processes

in the Ultraviolet Photodissociation of Fe(CO)s
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3-1. Introduction

Photolysis of transition-metal carbonyls, M(CO),, efficiently generates
coordinatively unsaturated transition-metal carbonyls, M(CO)y'<n, and CO, both of which
serve as important building blocks of stable organometallic complexes in a wide variety
of chemical syntheses because of their high reactivity.! The major mechanism of
photolysis of transition-metal carbonyls is multistep dissociations,” where all possible
sizes of coordinatively unsaturated complexes (M(CO),-1, M(CO),-2, --*) can be generated
with their counter-products of CO. One of the most extensively studied transition-metal
carbonyls is Fe(CO)s (iron pentacarbonyl),® for which Fe(CO)4, Fe(CO)3, and Fe(CO),
have been detected in gas-phase photodissociation dynamics experiments.* The
photoabsorption cross sections of the metal-centered (MC) and metal-to-ligand charge
transfer (MLCT) transitions of these unsaturated complexes are considered to be as large
as that of the Fe(CO)s parent because they have analogous electronic excited state
characteristics originating from the d-orbital of the Fe center. Loss of CO can proceed
even by photoexcitation to non-dissociative excited states because the dense electronic
excited states of the unsaturated carbonyls can easily be converted into a dissociative
excited state as well as the Fe(CO)s parent.>® As a result, a mixture of the Fe(CO)s,
intermediates and CO with different generation origins is formed in pulsed laser
photolysis experiments. Photodissociation of the individual unsaturated Fe(CO),
complexes has not been examined selectively in previous experimental studies.

The unsaturated complexes of Fe(CO)s, Fe(CO)s, Fe(CO),, and FeCO were
identified in the gas-phase photodissociation of Fe(CO)s with time-resolved infrared

(TRIR) spectroscopy at the photolysis wavelengths of 193, 266, and 248 nm: Fe(CO)s +
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hv — Fe(CO)s + CO — Fe(CO)s + 2CO — Fe(CO), + 3CO.1%!! The photon energy of

193 nm (hv = 620 kJ/mol) is so close to the energy threshold for eliminating all the

carbonyl ligands as internally cold CO that the atomic Fe fragment is unlikely to be
generated; Fe(CO)s — Fe + 5CO: A.H°= 611 kJ mol~'.!21¢ In fact, the branching ratio of

the Fe atom fragmentation pathways at 193 nm was negligibly small under similar
photolysis condition as in TRIR studies.!*!”"!” However, the atomic Fe photofragments
were measured at the photodissociation wavelengths of 280 nm and 248 nm (smaller
photon energy than 193 nm by 190 kJ/mol and 137 kJ/mol, respectively) with higher
photon densities than those used in the TRIR fstudies.?®! These results unambiguously
indicated the participation of multiple photons in the Fe(CO)s photodissociation
experiments under higher pulse energy condition. The photolysis laser power dependence
of the Fe fragment signal illustrated two distinct processes in the Fe(CO)s photolysis: (i)
multiple photodissociation (sequential one-photon photodissociations) of the unsaturated
complexes and (ii) multiphoton excitation of the parent Fe(CO)s followed by dissociation
producing the unsaturated complexes. The latter process can cause ionization of the
unsaturated intermediates, linking the neutral and ionic fragmentations.?' The energetics
of the ladder structures associated with CO loss of neutral and ionic unsaturated carbonyls

is shown in Figure 3-1.
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Figure 3-1. Energy level diagram of the iron carbonyl species. Low-lying electronic

states and ionization potentials for Fe(CO);-s and Fe are shown with respect to the ground
state of Fe(CO)s. Singlet and quintet states whose electronic terms are unavailable are
designated as S and Q, respectively. The photon energy of 228 nm and the energy
threshold for Fe + CO (v = 15) relating to this study are shown for comparison. The

numerical data used is summarized in Supporting Information.

The photoabsorption and the subsequent reactions of the coordinatively
unsaturated Fe(CO), intermediates were shown to undergo a “ladder switching” process
in the early photodissociation studies, which employed photoionization detection for the
transition-metal complexes with nanosecond pulsed lasers.?>?’ The typical result of
Fe(CO)s photodissociation was characterized by a dominant signal of the bare Fe'
fragment with negligibly small Fe(CO)," signals as a result of the sequential
photodissociation of the Fe(CO), intermediates in a single laser pulse with the temporal
width of =10 ns. The product mass spectra with the nanosecond laser irradiation, whose
photon flux was 10'® W/cm? at most, were not ascribed to two-photon absorption of
Fe(CO)s, which would be followed by dissociative ionization generating the Fe(CO),"

signal. These results were contrasted with the product mass pattern in the short-pulse laser
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experiments,”®?® where the Fe(CO)," products originating from the multiphoton
absorption of Fe(CO)s were dominant. Nanosecond duration is long enough for the
Fe(CO), intermediate generated by the Fe(CO)s photodissociation to absorb another
photon, which causes sequential photodissociation. One or two CO fragments are released
due to the first one-photon dissociation of Fe(CO)s on the timescale of several ps.?%°
Then, more CO can be produced due to the sequential photodissociation of Fe(CO),<s in
the same nanosecond laser pulse. The CO products and the Fe(CO), intermediates
generated in the concurrent photodissociation could hardly be discerned straightforwardly.
Thus, observation of the photodissociation of the individual coordinatively unsaturated
Fe(CO),<s complexes has been limited.

Many theoretical studies of Fe(CO)s have been performed to understand the
photochemistry. Calculations based on density functional theory (DFT) have been widely
applied to the electronic state structures of transition-metal carbonyls including Fe(CO)s,
where the accuracy of various functionals was examined.!>*!**! Comparison of the bond
length and the bond dissociation energy of Fe—CO in unsaturated Fe(CO),<s complexes
between the different calculation methods demonstrated the validity of the DFT
calculation for Fe(CO),. The electronic excited states of Fe(CO)s and Fe(CO)4 were
recently characterized in detail on the basis of coupled-cluster response theory in a
comprehensive study by Malcomson et al., who presented the two-photon absorption
cross sections (g °4) as well as the one-photon absorption spectra.*> Most of the bright
states of both Fe(CO)4 and Fe(CO)s were identified as the MLCT (" ¢q — d) states. The
excited states with a large oscillator strength of Fe(CO)s were further assigned to the

MLCT (7" axia1 co — d) and MLCT(7" ¢ quatorial co — d) states, which reproduce well two

overlapped peaks of the experimental absorption spectrum.*® Figure 3-2 shows the UV-
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Vis absorption spectra of Fe(CO)s. The theoretical photoabsorption of Fe(CO)4 in the
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Figure 3-2. Absorption spectra of Fe(CO)s.

200-300 nm region was comparably strong as that of Fe(CO)s in the 200-240 nm region:
Oaps(Fe(CO)s) = 4.6 x 1077 cm? at 270 nm and 0,,5(Fe(CO)s) = 6.9 x 1077 cm? at 220
nm. The spectral overlap of Fe(CO)s and Fe(CO)4 was proposed as a possible source of
the sequential photodissociation of the Fe(CO)4 intermediates, which was indicated in the
previous photodissociation experiments. The electronic excited states of the smaller
unsaturated Fe(CO), (n = 1-3) are so far less investigated than Fe(CO)4 and Fe(CO)s. A
simple extension of the photochemistry of the larger iron carbonyls to the smaller ones
provides an expectation that the Fe(CO),<s complexes have strong MLCT absorption
bands in the ultraviolet region causing CO loss. Although the final outcome involving
various elementary processes has been experimentally presented in the results of previous

Fe(CO)s photodissociation studies, the reaction mechanism of an individual Fe(CO), +
hv — Fe(CO),-» + mCO photodissociation is not known in detail.

The CO fragments can be a probe for elucidating the reaction mechanisms in the

Fe(CO)s photodissociation, especially when the rovibrational state-resolved
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measurement is applied. Waller and Hepburn measured the vacuum ultraviolet laser-
induced fluorescence (VUV-LIF) spectra of the CO fragments at the photolysis
wavelengths of 193, 248, 266, and 351 nm under one-photon absorption conditions.'® The
one-photon LIF detection scheme was advantageous for the low pulse energy photolysis,
by which photodissociation of the Fe(CO), intermediates in a single nanosecond laser
pulse was suppressed. The statistical state distributions of the CO fragments were
explained as the results of sequential dissociation mediated with the spin triplet electronic

states.'® Recent time-resolved photoelectron spectroscopy and TRIR spectroscopy studies

support the fast dissociation of Fe(CO)s + hv (266 nm) — Fe(CO)4 + CO within 100 fs

in the singlet excited state’?’; subsequent dissociations of Fe(CO)s producing the CO

fragments were indicated to also be so fast that intersystem crossing could not occur.®
Whereas several experimental approaches have been thus conducted for the one-photon
dissociation of Fe(CO)s, photodissociation of unsaturated intermediates, which have
comparably large photoabsorption cross sections, is not fully investigated. The
photoexcited Fe(CO), intermediates are expected to release highly vibrationally excited
CO ligands due to the large amount of available energy (Figure 3-1). The individual CO
dissociation step of the Fe(CO), intermediate can be identified based on internal state
and translational energy distributions. In the present study, we applied state-resolved ion-
imaging to the Fe(CO)s photodissociation to distinguish the dissociations of the

unsaturated intermediates in the whole CO releases.
3-2. Experimental

The experiments were performed using a standard velocity-map imaging (VMI)
apparatus, which consists of a supersonic molecular beam source and an ion-imaging

system with a time-of-flight (TOF) mass spectrometer. The details of the experimental
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setup are described elsewhere.*** Liquid Fe(CO)s (Kanto Chemical, >95%) was used
without further purification. The Fe(CO)s vapor was diluted in a He buffer to prepare a
0.25% Fe(CO)s mixture gas. The gas sample was supersonically expanded into vacuum
through a piezoelectric pulsed valve at a stagnation pressure of 2 bar. The Fe(CO)s
molecular beam was skimmed (1.5 mm in diameter) before entering an ion-imaging
detector chamber. The inner pressures of the source and detector chambers were 3 x 107°
Torr and 1 x 1077 Torr, respectively, when the pulsed molecular beam was injected with
a repetition rate of 10 Hz. The molecular beam was perpendicularly intersected by a
loosely focused laser beam between the VMI electrode plates. The laser beam was
generated using a frequency-doubled tunable dye laser (CobraStretch, Spectra Physics)
pumped by the third harmonic of a Nd: YAG laser (LAB-170, Spectra Physics). We tuned
the laser wavelengths in the 213-235 nm region, which was responsible both for the
strong MLCT photoabsorption of Fe(CO)s and for the resonantly-enhanced multiphoton
ionization (REMPI) of CO. The pump (photolysis) and probe (ionization detection) were
carried out in a single laser pulse, whose temporal duration was approximately 10 ns. The
pulse energy in the measurements was kept at 20 ulJ/pulse. The peak intensity was
evaluated to be 2 x 107 W/cm? at most on the basis of a beam size of 0.1 mm x 0.1 mm.
We chose the pulse energy condition so that the sequential photodissociations of the
Fe(CO), intermediates and the non-resonant ionization occur in a single nanosecond
pulse.!®21252 The resultant Fe(CO)," signal was a few orders of magnitude smaller than
the Fe' signal, which was consistent with the previous study.?

The CO fragments in the v =0 and 1 vibrational states were ionized by the [2 +
11 REMPI scheme via the B;1X — X;!¥ transition at around 230 nm. The high-v states (v

= 11-15) of the CO fragments were detected by the [1 + 1] REMPI scheme via the
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Al — X'2* transition in the wavelength region from 213 to 230 nm.***’ The
coordinatively unsaturated Fe(CO), (n = 1—4) complexes, which are counter-products of
the CO photofragments, were non-resonantly ionized. The ions accelerated by a static
electric field were mass-selectively detected using a microchannel plate (MCP) detector
with a phosphor screen in the back. The positions of the light spots on the phosphor screen
were recorded using a CCD camera (Hamamatsu C8800) to obtain the ion images. The
intensity of light emitted from the phosphor screen was acquired by a photomultiplier
tube (R2496, Hamamatsu) for the TOF and REMPI spectra. The observed images, which
were two-dimensional projections of the scattering distributions, were converted to the
kinetic energy release distributions and the angular distributions using the inverse Abel
transformation. The velocity scale of the CO images was calibrated using
photodissociation/ionization measurements of OCS molecules, whose bond dissociation
energy to CO + S is well known.*® The velocity scale of Fe(CO), was calculated as a

square-root mass-weighted velocity of the CO fragment (vco), v(Fe(CO),) =

\/mCO/mFe(CO)n Vco-

We performed quantum chemistry calculations for the vertical transition energy
of FeCO and Fe(CO); to obtain the photoabsorption spectra using the Gaussian 16
package.*’ The geometry of the electronic ground state was optimized using DFT with
the B3LYP functional and the TZVP basis functions. The absorption cross section
simulations were performed for the optimized geometries using time-dependent (TD)
DFT with the B3LYP functional. Although both FeCO and Fe(CO), have a triplet (>Z:
and 325 , respectively) electronic ground state, which were confirmed by high-resolution
spectroscopy,’’>? the nascent spin states of the FeCO and Fe(CO). intermediates

produced in the Fe(CO)s photodissociation are not experimentally established so far. We
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simulated the photoabsorption spectra of FeCO and Fe(CO); assuming independently
three possible spin multiplicities (singlet, triplet, and quintet). The electronic transitions
and the reactivity of the photoinitiated excited states were qualitatively characterized on
the basis of the calculated orbitals relevant to the photoabsorption bands. Our theoretical
approaches are based on the previous DFT studies for Fe(CO)s, Fe(CO)4, and other

transition-metal carbonyls, !%-33-38:40.33

3-3. Results and Discussion
3-3-1. REMPI spectrum of CO fragments in vibrational state v=0,1

230.0 2301 230.2
wavelength / nm

Figure 3-3. B:AX — X.'Z REMPI spectrum of the CO fragment in the Fe(CO)s

photolysis.
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Figure 3-5. TOF-mass spectra of the photofragments in the Fe(CO)s
photodissociation at the photolysis wavelengths of 230.27 nm (black curve) and 230.22
nm (red curve). The wavelengths of 230.27 nm and 230.22 nm correspond to the low
rotational and high rotational transition regions of the [2 + 1] REMPI spectra via the
B — X%, v = 0,v" = 1 band, respectively.
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assigned to Q-branches of the 0-0 and 1-1 vibronic bands, is shown in Figure 3-3.
Although the population analysis (Figure 3-4) remains qualitative partly because of the
Waller and Hepburn in that multiple temperature components are involved; the
temperature components of the CO fragments varied with the photolysis wavelengths:
(1926 K, 1429 K, and 427 K) at 193 nm and (1716 K, 1162 K, and 340 K) at 248 nm.'®
Two temperatures, 660 K for the lower rotational states (Erot < 1800 cm™!) and 1500 K
for the higher rotational states (Ewt > 1800 cm ™), are well fitted to the present plot at the
photolysis wavelength of 230 nm. The result of the rotational state distribution of CO
based on the REMPI detection scheme is consistent with the previous data obtained by
VUV-LIF spectroscopy. The small peak in the higher J transition region of the 1-1 band
at 230.22 nm was assigned to the resonant ionization of Fe via the °F{(Fe) — *Pg /Z(Fe+)
transition generating Fe?*, whose m/z is identical to that of CO" (m/z = 28). The
assignment was confirmed by measurement of the corresponding peaks of the **Fe and
3Fe isotopologues (Figure 3-5). Ionization at 230.22 nm yielded both peaks for m/z = 28
(CO+ and 56Fe*") and at m/z = 27 (54Fe*"). The relative intensity between m/z = 28 and
27 was explained as the natural abundance of 56Fe (91.8%) and 54Fe (5.8%)
isotopologues, indicating the resonant ionization of Fe at 230.22 nm. The peak at m/z =
27 disappeared at 230.27 nm, which is off-resonant for Fe but on-resonant for CO. Thus,
the prominent peak in the high J region of the REMPI spectra measured for m/z = 28

(Figure 3-3) is assigned to Fe?*.
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3-3-2. REMPI spectrum of CO fragments in vibrational state v = 11
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Figure 3-6. REMPI spectrum of the CO fragment in the Fe(CO)s photolysis. The
vibrational band assignments for the A1 — X'+ transition are shown below the
baseline.

We scanned the laser wavelength over a wide range of 213-235 nm, which
corresponds to the MLCT transition of Fe(CO)s, to measure the REMPI spectrum of the
CO fragments in a one-color scheme. Eight nearly equally spaced bands with highly
rotationally excited structures with J up to =40 were observed, as shown in Figure 3-6.
transition. The other prominent bands in the shorter wavelength region were assigned to
the [1 + 1] AT — X2+ transition of the highly vibrationally excited states (v= 11 to 15)
on the basis of the literature.***’ The observed vibrational structures comprised two
sequences: group A with Av=-9 (2-11, 3-12, 4-13, 5-14, and 6-15) and group B with
Av =-8 (3—11, 4-12, and 5-13), in which three pairs with the common lower states (v"

=11, 12 and 13) were found. These high-v bands exhibited qualitatively similar rotational

distributions, indicating an identical production mechanism. We confirmed that the
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efficient CO generation in the extremely high-v states was peculiar to Fe(CO)s by

comparing the results for Cr(CO)s and CoCsHs(CO), under the same measurement

condition.
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Figure 3-7. Vibrational state populations of the CO fragments with respect to the

photolysis/ionization wavelength. The relative vibrational populations obtained from the
Av =—8 sequence bands (v—v" = 3-11, 4-12, and 5-13) and the Av = —9 sequence bands
(v—v"=2-11, 3-12, 4-13, 5-14, and 6-15) are shown as Group A (blue shaded) and
Group B (red shaded), respectively.

The vibrational state populations of the CO products determined from the
vibrational band intensity corrected with the Franck—Condon factors*’ are shown in
Figure 3-7. Although the photolysis wavelength dependence of the vibrational state
distribution is not accurately obtained in the one-color scheme, a comparison of the band
intensities in neighboring wavelength segments can give an approximate variation.
Groups A and B have a common set of the lower v states (v" = 11, 12, 13) but they are
located in different photolysis wavelength regions. The relative intensities of the v =11,
12, 13 states in each group A and B were approximately matched, but the populations in
group B were more than two times larger than group A, as is shown in Figure 3-7. On the
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other hand, the photoabsorption of Fe(CO)s sharply increases from the group B region
(219-225 nm) to the group A region (213—218 nm).** The wavelength dependences of
the photoabsorption and the population ratio between the groups A and B indicate that
the high-v CO fragment is not directly generated from the Fe(CO)s parent molecule. We

ascribe generation of the high-v CO products to photodissociation of some coordinatively
unsaturated intermediate: Fe(CO), + hv — Fe(CO),-1 + CO (high-v), where Fe(CO); is

prepared by the first photodissociation of Fe(CO)s in the same laser pulse. Participation
of the second or the subsequent photon under the present experimental condition is
supported by the detection of the CO (v = 15) fragment and the atomic Fe fragments,
both of which are energetically inhibited by one-photon dissociation of Fe(CO)s (Figure
3-1). The increase of the CO (v =11 and 12) production in the group B region (219-225
nm) compared with the group A region (213-218 nm) with a similar population of the v
= 13 state at 218 nm and 224 nm (Figure 3-7) can be explained assuming that the
absorption cross section of the relevant coordinatively unsaturated intermediate is
maximized at around 225 nm. The assumption will be examined below with additional

experimental and theoretical results.
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3-3-3. Photolysis wavelength dependence of the Fe(CO)," yield
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Fe(CO)+ FG(CO):

Fecco)+ R

\.%
) r 8.5
55 oed B°

Figure 3-8. Photolysis yield spectra of Fe(CO)," in the ultraviolet irradiation of
Fe(CO)s. Variation of the peak intensities of the TOF spectra for m/z = 84—196 (Fe(CO),
- 1-5) are displayed with respect to the photolysis wavelength. The photolysis wavelength

are varied in steps of 1 nm from 213 nm to 240 nm in the measurements.

The photolysis wavelength dependence of the Fe(CO)," yield, which was
obtained by merging the TOF mass spectra measured at different wavelengths
incremented by 1 nm, is shown in Figure 3-8. We considered that the photoabsorption of
the Fe(CO), intermediates appears in the wavelength dependence of the TOF mass
spectra. The unsaturated Fe(CO),<s complexes that are first generated by the Fe(CO)s
photodissociation are likely to be internally excited, so that another photoabsorption in
the single laser pulse can cause ionization, giving the ion yield spectra in Figure 3-8.
Although the yield of Fe(CO), and the ionization efficiency can also depend on the
wavelength, their dependence is generally a monotonic increase as the wavelength
shortens. The increasing intensities of Fe(CO)s", Fe(CO)s", and Fe(CO)3" in the shorter
wavelength toward 210 nm is regarded as the ionization efficiency curve. In addition to

the increasing yield curve, the FeCO" yield spectrum exhibited a prominent peak at
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around 220 nm, which we ascribed to the photoabsorption band of FeCO. The peak
position of the FeCO" yield spectrum was coincident with the wavelength region for
enhanced generation of the high-v CO fragments, which was estimated from the
wavelength dependence of the vibrational population (Figure 3-7). The coincidence

indicates that the resonant photoexcitation of FeCO is responsible for both the high-v CO

formation (FeCO + hv — Fe + CO (high-v)) and ionization (FeCO + hv — FeCO™ + ¢").

Dissociative ionization of the larger carbonyls (Fe(CO),>1" — Fe(CO),-1" + CO) could

contribute to the FeCO™ signal in different ways from our interpretation. However,
because the peak (resonance) structure in the yield spectrum was observed only in FeCO™,
the spectral peak at around 220 nm is less likely to be assigned to any photoabsorption

bands of Fe(CO),, Fe(CO)3, and Fe(CO)4.

3-3-4. Verification by theoretical calculations of specific distributions

To ascertain the origin of the correlation between the high-v CO generation and
the FeCO" yield spectral peak at =220 nm, we executed theoretical calculations for FeCO
and Fe(CO),. The calculated low-lying electronic structures and the coordination
geometries were first compared with the experimental and previous theoretical results to

confirm the accuracy of our calculations. The FeCO molecule has low-lying electronic

experimentally determined as 1135 cm™! by Villalta and Leopold.” We optimized the
FeCO geometry in the lowest singlet, triplet and quintet states and calculated the energy
gaps of the spin states at the optimized structure. The results are summarized in Table 3-

1. The optimized structural parameters were in good agreement with the previous study.>®
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Method Spin state & re(Fe-C) re(C-0)

(eV) &) &)
This study
Triplet 0 1.766 1.152
B3LYP/TZVP Quintet 0.14 1.901 1.148
Singlet 1.65 1.694 1.154
Experimental
Photoelectron Sy 0.14 - -
IR (diode laser)? 3%~ - 1.727 1.159
Theoretical
35— . _ N
SOCI/cc-pVTZ? Sy~ 0.04 - -
3 /1A 1.91 -- --
Table 3-1. Calculated results for term energies and optimized structures

of Fe(CO).D Reference 54. 2 Reference 50. > Reference 56.

since it was not uniquely identified. The results of the comparison between our
calculations and the previous studies indicate that the present calculation method is valid
for the electronic properties of FeCO. Then, we applied the theoretical approach to the

spectral simulation. The calculated oscillator strength of FeCO from the X:5%~, 328,
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and the lowest singlet states are shown in Figure 3-9a.
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Figure 3-9. Theoretical oscillator strengths of (a) FeCO and (b) Fe(CO): in each
spin multiplicity: singlet (red), triplet (blue), and quintet (green). Electronic transitions

from the lowest states in each spin multiplicity is shown at the energy difference to the

0
210

upper states. (¢c) FeCO™ yield spectrum.
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Species Vertical energy Predominant transition

— P 4% ag ~ 998 4%
~ P 20% se — 98 2%

FeCO (S) 228.19 nm

FeCO (T) 222.88 nm

FeCO (Q) 230.81 nm

*9000
i
e
5
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226.70 nm

226.70 nm 3« — ‘u— 90%
Fe(CO)(Q)  237.31nm e — 3We 0w

Figure 3-10 Molecular orbitals of FeCO and Fe(CO), relevant to ultraviolet
photoabsorption. Fraction (%) of the dominant molecular orbitals and the vertical energy
(in nm) are shown for the electronic transitions from the lowest electronic state with each

spin multiplicity (S: singlet, T: triplet, Q: quintet).

The photoabsorption bands of FeCO were theoretically predicted to appear in the 220—
230 nm region with the comparably large oscillator strengths to the MLCT transitions of
Fe(CO)s. The calculated oscillator strength of Fe(CO)> and the experimental result of the
FeCO" yield spectrum are shown for comparison in Figures 3-9b and 3-9c, respectively.
The CO loss in the quartet photoexcited state was implied by the anti-bonding molecular
orbital ( mg._c) with a node on the coordination bond (Figure 3-10). Although
photodissociation in the triplet and singlet states was not confirmed in terms of the nodal
pattern of the calculated orbitals, the photoexcitation of the high-lying singlet state is
expected to result in CO loss based on the energetics. The molecular orbitals have another
node on the C—O bond (7t¢_g), which can cause the vibrational excitation of the CO
fragment. These results of the photoexcited states were in qualitative agreement with the
theoretical study of FeCO by Ulusoy and Wilson using the time-dependent configuration

interaction (TDCI) methodology coupled with the explicit spin-orbit interaction
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lying X2~ and 3.2~ manifolds, was also predicted to have a photoabsorption band at a

shorter wavelength (=195 nm) by the TDCI calculation. The corresponding band in our
calculation appeared at =225 nm. We examined the photoabsorption of Fe(CO), with the
same calculation method; the photoabsorption of Fe(CO), was found only for the low-
lying quintet (3;2X7) state®® in the 200-300 nm region. However, a plausible peak, which
would be ascribed to the photoabsorption of Fe(CO)2, was not observed in the Fe(CO),"
yield spectrum (Figure 3-8). The absence of a probable Fe(CO); band in the experimental
spectrum may suggest that Fe(CO), is generated either in the X g state or a high-lying
lowest singlet state, which is metastable, under the present photolysis conditions.
Although the experimental result of Fe(CO). was not fully explained, our DFT calculation
supports that the vibrationally excited CO fragments can be generated following the

FeCO photoabsorption at around 220 nm.
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3-3-5. Scattering image of CO and Fe(CO),-0—4 photofragments

(a) (b)

v=0,J=0~5 v=0,J=21 v=0,/=25 240 nm 230nm 225nm 220 nm 215 nm

- DOOOD

Figure 3-11 (a) Rotationally state-resolved scattering images of the CO
photofragments in the v = 0 states. The image data of the CO fragment in the v = 11 state

v=0,J=42

is shown as an example of the scattering images of the highly vibrationally excited states.
(b) Scattering images of Fe(CO),-o-4 fragments at different photolysis wavelengths.

The results of ion-imaging for the CO (v =0 and 11) products and other
coordinatively unsaturated complexes are shown in Figure 3-11. The angular distributions
of these fragments were isotropic (£~ 0). The CO photofragments in the low vibrational
states are contributed from several photolytic processes of Fe(CO),=1—s. The recoil
velocity of the CO fragment increases with increasing internal energy. The Fe(CO),-1-5
fragment shows a tendency for the recoil velocity to increase with decreasing CO

coordination number, i.e., with progressive dissociation.
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Figure 3-12 Linear momentum distributions of the CO photofragments in the v =0

state obtained from the state-resolved scattering distributions.

The momentum distribution of CO fragments for vibrational state v=0 and
Fe(CO)3,4 is shown in Figure 3-12. The released momentum distributions of the low-J CO
fragments showed relatively large overlap with those of Fe(CO)3; and Fe(CO)s, both of
which are widely accepted as the major products in the first photodissociation of Fe(CO)s
in previous studies.*”? The results of the momentum matching imply that the first
photodissociation of Fe(CO)s partly generates the CO product with low rotational
excitation. Decrease of the degree of the momentum matching to Fe(CO)4 and Fe(CO)3
as the higher internal energy is regarded as a result of increasing contribution of the
secondary photodissociation of the Fe(CO),<4 intermediates (Fe(CO),<4 + hv — Fe(CO),.-
1 + CO), which could be internally excited at the first photodissociation of Fe(CO)s in the
same laser pulse. We decomposed the rotational state distributions (Figure 3-4) into two
temperature components. Examination of both the final state distribution and the released
momentum distribution suggests that the lower temperature component is possibly

originated from the first photodissociation of the Fe(CO)s parent.
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Figure 3-13 Peak recoil velocity of the Fe(CO),-04 fragments obtained from the

image data.

The peak recoil velocity of Fe(CO),-1-4 photofragments for each wavelength
(Figure 3-11b) is shown in Figure 3-13. Relatively slow recoil velocities (=100 m/s) of
Fe(CO); and Fe(CO)s, both of which yield average of the translational energy releases of
~4 kJ/mol, support a previous interpretation that CO loss at the first photodissociation of
Fe(CO)s, Fe(CO)s + hv — Fe(CO)s + CO and — Fe(CO)3 + 2CO, proceeds on the singlet
potential energy surfaces.®’° Given the relative energies of the singlet states of Fe(CO)s
(399 kJ/mol) and Fe(CO)4 (175 kJ/mol) to the ground state of Fe(CO)s (X:14}), the
effective available energy for Fe(CO)s + CO and Fe(CO); + 2CO at the photolysis
wavelength of 230 nm (hv = 520 kJ/mol) is 345 kJ/mol and 121 kJ/mol, respectively
(Figure 3-1). The peak vrecoil data in Figure 3-13 yielded fractions of the translational
energy to the available energy (fians) as 1.1 % for the Fe(CO)4 + CO pathway and as 4.6 %

for the Fe(CO); + 2CO pathway. The approximate fians values are reasonable for the size

of Fe(CO)s, supporting the generation of Fe(CO)4 and Fe(CO)s in the singlet states.
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3-4. Conclusion

We investigated the photoelimination of the CO ligands from Fe(CO)s in the gas
phase. The Fe(CO),<s intermediates generated by sequential CO loss of Fe(CO)s are
subject to a second photodissociation under the laser photolysis condition. The resultant
admixture of the CO fragments and the Fe(CO),<s intermediates with different generation
origins has not been experimentally resolved in the laser-based photodissociation studies,
hindering the detailed examination of the photochemistry of the coordinatively
unsaturated carbonyls. The photochemical phenomenon is a common characteristic of
transition-metal carbonyls. We observed highly vibrationally excited CO (v = 11-15)
photofragments, whose generation was maximized at the photolysis wavelength of
approximately 220 nm. The peak at 220 nm appeared also in the FeCO" yield spectrum,
whereas the spectra of other Fe(CO),-24" exhibited a monotonic increase with shorter
wavelength, which was ascribed to the wavelength-dependence of the ionization
efficiency above the ionization potentials. We considered that photochemistry at 220 nm
gave rise to the correlated generation of the high-v CO fragments and FeCO". The TD-
DFT calculations corroborated the photoabsorption band of FeCO at around 220 nm. The
energetics of the photoinitiated singlet excited states was well matched with the
thresholds for high-v CO loss and ionization, supporting our interpretation of FeCO + hv
(220 nm) — Fe + CO (v = 11-15), and — FeCO" + ¢". Our interpretation was further
reinforced by the matched momentum distribution of the high-v CO and Fe fragments.
We note that the Fe(CO)," intensity in Figure 3-8 was so weak compared with bare Fe”
product that the signal had not been examined in the previous nanosecond
photodissociation studies. In the present study, experimental evidence of the

photodissociation of the coordinatively unsaturated carbonyl (FeCO), which had not so
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far been measured, was found in the measurement of the wavelength-dependence of the

faint signals.

Supporting information

Spin AE Spin AE Spin AE APE

state kJ mol! state kJ mol! state kJ mol! | kJ mol’!
Fe(CO)s . 0 762
Fe(CO) | 2B, 135 AA 176 52 366 855
Fe(CO)s A, 292 s1 401 934
Fe(CO) | 337 414 Q1 455 s1 670 1050
Fe(CO) A3y 568 A3 581 3%/ 752 1196
Fe 5D 612 SF 695 3 755 1408

Table S1. The experimental and theoretical data of Fe(CO), and Fe(CO)," (n =0,

1,2, 3,4 and 5) 13 16:18.545659.60 AP is the appearance energy of Fe(CO),".
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Chapter 4

Primary and Secondary Processes in the Ultraviolet

Photodissociation of CpCo(CO);

82



4-1. Introduction

Transition-metal complexes typically possess dense electronic state structures
originating from the d-orbitals of their metal centers.! The electronically excited states
exhibiting significant absorption cross sections from the ground state are mostly located
in the visible and ultraviolet regions, where photochemistry is initiated by ultrafast
internal conversion between the energetically close electronic states.’® Internal
conversion, whose rate is strongly correlated with the state density, can compete with
ligand loss on specific potential energy surfaces. The electronic ground state and low-
lying excited states can be responsible for the metal-ligand dissociation if the potential
energy surface is repulsive. Transition-metal carbonyls, whose photochemistry has been
extensively studied as typical transition-metal complexes, undergo ultrafast internal
conversion upon metal-to-ligand charge transfer (MLCT) photoexcitation in the
ultraviolet region followed by CO loss.3!” Despite the efficient use of transition-metal
carbonyl photolysis for CO production, the specific electronic states driving CO
production remain incompletely determined. Notably, identifying the potential energy
surface on which CO loss proceeds will enable the identification of the generated states
in coordinatively unsaturated complexes, which play essential roles in the photochemistry
of transition-metal complexes due to the high reactivity.'®!? In this regard, the mechanism
of photo-induced CO loss of transition-metal carbonyls has yet to be elucidated in detail,
for which laser-based reaction dynamics approaches should be potentially powerful.

The intrinsic properties of transition-metal carbonyl photochemistry, involving
the competition between sequential dissociation and second photodissociation, pose
significant challenges in resolving the electronic states of the photoproduced ligands and

unsaturated complexes. In particular, the second photodissociation occurs when
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unsaturated complexes produced from the first photodissociation undergo dissociation
within an identical laser pulse, and this phenomenon becomes unavoidable in nanosecond
laser experiments for transition-metal complexes.'® Previous studies have employed a
ladder switching model to examine successive photodissociation of transition-metal
complexes terminating in the atomic metal generation.'®2! The nanosecond pulse
duration provides ample time for the unsaturated carbonyls to absorb an additional photon,
facilitated by their large absorption cross section, which is comparably large to that of the
saturated transition-metal carbonyls due to metallic d-orbitals. Standard laser ionization
detection pulse energies provide sufficient photoabsorption rates for transition-metal
carbonyls and intermediates, generating a mixture of complexes with varying
coordination numbers. Due to overlapping final state distributions and kinetic energy
release distributions of CO fragments and coordinatively unsaturated complexes with
different origins, a conventional analysis cannot be applied to laser-based reaction
dynamics studies. Competition between the first photodissociation, sequential
dissociation, and second photodissociation of intermediates remains unavoidable in
pulsed laser photodissociation experiments. These experiments, however, offer a state-
resolved understanding of CO loss. Separate measurement of concurrent processes in a
single laser pulse requires alternative methods to conventional ones. In our previous study
on Fe(CO)s photodissociation, we observed distinct variations in the ion-images of
unsaturated intermediates with respect to photolysis wavelengths, providing key insights
into the involved.?

Most heteroleptic carbonyl complexes exhibit MLCT bands that are relevant to
charge transfer to individual ligands in the ultraviolet region. Tuning the photolysis

wavelengths can enable the selection of excited states that involve specific charge-

34



transferred ligands, provided that different charge distributions sufficiently modify the
electronic energies. For example, in the cobalt carbonyl analog CoNO(CO)s, the charge
transfer to the CO ligands induces a strong absorption band in the deep ultraviolet region,
whereas the charge transfer to the NO ligand induces a relatively weak band in the near-
ultraviolet region.”*?* Exploring photolysis wavelength dependence is expected to
provide insights into controlling the photochemical outcome of heteroleptic carbonyls.
However, such an approach, based on a direct relationship between the photolysis
wavelengths and charge distribution on CO ligands, is not directly applied in homoleptic
carbonyls. Furthermore, metal complexes with too many CO ligands would exhibit
several sequential CO loss pathways, preventing the conduct of selective measurements.
We previously analyzed the ion-imaging data combined with photolysis wavelength
dependence during the photodissociation study of Fe(CO)s as a typical homoleptic
carbonyl complex.?? Here, we extended to apply the similar experimental and analysis
approaches to the photodissociation of CpCo(CO)z, in which the releasing CO ligands are
limited to two. Another ligand of Cp (cyclopentadienyl, CsHs) is coordinated to the Co
center with the n° form, which is less dissociative than the CO ligands. We regard the
CpCo(CO)> complex as a simple system for investigating the photodissociation dynamics

of heteroleptic transition-metal carbonyls.

4-2. Experimental and Calculation methods

Velocity mapping ion-imaging of the CpCo(CO). photodissociation fragments
was performed for the CO ligands and coordinatively unsaturated complexes. The details
of the experimental setup were described elsewhere.”> We used commercial CpCo(CO),
liquid (>90%, Sigma-Aldrich), whose vapor pressure at room temperature was

approximately 1 Torr, to prepare a gaseous sample of 0.01% concentration diluted with a
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He buffer without further purification. The molecular beam of CpCo(CO)> was generated
using a piezoelectric pulsed valve with a stagnation pressure of 2 bar. The CpCo(CO):
molecular beam collimated by a skimmer on the wall dividing the source chamber and
the detector chamber was introduced in the velocity-mapping electrodes, where a
photolysis laser pulse intersected with the molecular beam. We confirmed that cluster
formation in the molecular beam was negligible under these conditions by measuring the
stagnation pressure dependence on the CO fragment spectra. The pressures of the source
and detector chambers were 3 x 107 Torr and 1 x 1077 Torr, respectively, when the pulsed
valve was operated at a repetition rate of 10 Hz.

The laser pulse was an output of a frequency-doubled dye laser (CobraStretch,
Sirah) pumped by the third harmonics of a YAG laser system (LAB 170, Spectra Physics).
We examined the wavelength region of 210 — 240 nm, where the MLCT bands of
CpCo(CO), are located. The laser pulse served as the pump (photolysis) and probe
(ionization) pulses in the present measurements of CpCo(CO); photodissociation and
product ionization successively occurred in a single laser pulse, with an approximately
10 ns duration. We detected CO photofragments and coordinatively unsaturated
complexes, CpCoCO, CpCo, CoCs3H3, and CoCyH,, as their ion signals. The CO
fragments were state-selectively ionized with the [2 + 1] resonantly-enhanced
examined wavelength region. The pulse energy was kept at 60 pJ/pulse to suppress the
multiphoton processes of the CpCo(CO), parent. CO predissociation in the §12+ state
limited us to measure the ro-vibrationally state-resolved REMPI spectra only for the v =
0 and v = 1 vibrational states. The state-resolved ion-imaging of the CO photofragment

was performed based on the REMPI spectra. The velocity distributions were obtained
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with the inverse Abel transform applying to the observed image data. The velocity scale
of the observed images was calibrated with the recoil velocity of the CO photofragment
in the OCS photodissociation measured under the same detection conditions and the
literature value of the CO + S bond dissociation energy.?®

The scattering images of the coordinatively unsaturated products were measured
using a non-resonant ionization scheme. Notably, pulse energy of 60 pJ/p corresponds to
a photon flux of 7.6 x 107 W/cm? in our focusing condition (0.1 mm in diameter), by
which two-photon absorption of the CpCo(CO); parent and unsaturated products are
unlikely based on the comparison with the well-known Fe(CO)s complex.'®?” However,
the unsaturated products that absorbed the second photon within the same laser pulse
underwent secondary photodissociation and photoionization, yielding the CpCoCO",
CpCo", CoCsH3", and CoC2H," ion signals. We measured the time-of-flight (TOF) mass
spectra of these unsaturated complex ions as a function of the photolysis wavelength at
2.5 or 5 nm intervals in the 210 — 240 nm region. We used the energetics data of the
unsaturated complexes, such as the bond dissociation energy and ionization potential in
previous studies?®° for analyzing the wavelength dependence of the product ion yield
spectra and translational energy releases.

We measured the ion-images of CO, CpCoCO, CpCo, CoC3H3, and CoCzH,.
Three generation origins were involved in the measurements of the individual products:
the first and secondary dissociations and sequential dissociation (see Figure 4-1). The first
photodissociation specifically refers to the CO loss of the parent CpCo(CO)
photodissociation: CpCo(CO); + hv — CpCoCO + CO. The signal due to Cp loss in the
CpCo(CO)2 photodissociation generating Co(CO); was undetected. Part of the CpCoCO

intermediate with sufficient internal energy underwent sequential dissociation to CpCo +
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First Photodissociation Second Photodissociation (CpCoCQ)

+ hv,,
CpCo(CO), +hv ——= CpCoCO+CO — CpCo +CO +CO
+ hVan
CoC,H, + C,H,

Sequential dissociation

Second Photodissociation (CpCO)

CpCo +CO +CO

A hVan
CoC,H; + C,H,

Figure 4-1 Dissociation pathways and products involved in CpCo(CO).

photodissociation.

CO. Otherwise, the CpCoCO complex was subject to the second photodissociation in the
same laser pulse: CpCoCO + hvang — CpCo + CO. The CO loss of the CpCoCO
intermediate (CpCoCO — CpCo + CO) was also energetically possible by the first photon
energy injected into the CpCo(CO); parent. We also term CpCo + hvang — CoC3H3 +
C>H> the second photodissociation. Because the photoabsorption cross sections of the
coordinatively unsaturated complexes are comparably large to those of the parent
transition-metal complexes, multiple photodissociations in a single laser pulse (the
secondary photodissociation) are quite common under nanosecond laser photolysis
conditions.>’*> The precursors of the second photodissociation and sequential
dissociations have certain recoil velocity vector distributions (PE48(v,)) given at the
preceding processes. The observed velocity vector distribution in the laboratory frame
(PF4B(1,)) is then represented as the convolution with the velocity vector distribution in

the center-of-mass frame (PS™ (u,))

P¥B(v,) = [ [ [77 PFAB (v,)P§™ (u,)v? sin 6 dpdodvy, (1)
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where v; = u, + v,. We followed the formulation developed by Venkataraman et al.

for the Fe(CO)s photodissociation study.>? We assumed isotropic angular distributions (no
6-dependence) in PE48 (v,) and P£M (u,) since significant anisotropy was unobserved in
the imaging results. Thus, the formula employed in the present image data analysis was

simplified as follows:
PMB(v,) =2r fooo PLAB (v))v? fon PSM (uy) sin 6 d6dv;. ()

We applied a fitting procedure to the observed image data of CpCoCO and CpCo as
P48 (v,) and P48 (v,), respectively, to obtain the center-of-mass velocity distribution
of CpCo as P£M (u,), which was expanded by a set of fitting parameters (c;) with equally

separated (Av = 1 ms~1) rectangular velocity basis functions (f;) as

PZCM(uZ) =2iC fi(vicenter)- (3)

89



velocity / m s~

e PEAB ()
0.031 — PgM(UQ)
[ P E )
0.02 4
0.01 4
0.004
0 100 200
——PL"E(y,)
: 0.02 1 Fitted function
: 9 - [ PL*B(,) — Fitted function
+ o0 S\
2
Q o000
QO
.
-0.01 4
0 100 200
— PF%(u,)
0.034 |====Reproduced
0.02 4
0.01 4
0.00
0 100 200
Figure 4-2.

Forward convolution of model functions for the center-of-mass velocity
distributions ( PSM(u,) , —) and the laboratory frame velocity
distributions (P48 (v,), —). The PE4E (v,) functions correspond to the
velocity distribution of the precursor, whose dissociation is assumed to
release the final fragments with the P{™ (u,) function. We employed a
single Gaussian function as PL4B(v;) for this examination. The

convolution (—) of PF4B(v;) and PfM(u,) yields a measurable

distribution (P28 (v,)).

- === PYABG)
0.03 1 ~ — ptasg, )
=P80 ) + Py
0.02 1
0.01 1
0.00 4
0 100 200
—P5 %)
0.02 4 Fitted function
_ f=—P32%v,) - Fitted function
0.01 1
000
-0.01 4
0 100 200
— PS"ug)
0.03 4 e Reproduced

90

100 200



Extraction of the Pf™(u,) function from the convoluted function of Pf4E(v,) and
PfM(u,) was inspected for some model functions before applying the analysis to the
experimental data (Figure 4-2). Forward convolution of model functions for the center-
of-mass velocity distributions ( P¥™(u,), —) and the laboratory frame velocity
distributions ( PF48(v,), —). The PL4B(w,) functions correspond to the velocity
distribution of the precursor, whose dissociation is assumed to release the final fragments
with the P£M (u,) function. We employed a single Gaussian function as PL48 (v,) for this
examination. The convolution (—) of PF4B(w,) and PfM(u,) yields a measurable
distribution (P48 (v,)). Angular distributions are assumed to be isotropic in the analysis.
The dots (®) denote the coefficients of the basis functions determined by the fitting
procedure, in which equally spaced narrow velocity distributions were used for
reproducing the convoluted function (—). The reproduction results assuming (a) a single
Gaussian that is identical to the input function and (b) two partially overlapped Gaussian
functions as PF4B (v,) were compared in the bottom plots. The target PS™ (u,) function
was well reproduced by the fitted result (—) to the convoluted PX48 (v,) function ((a),
bottom). Although the fitted coefficients look similar to the result of (a), the obtained
PfM(u,) function in the (b) assumption yielded unphysical results with negative
populations. The oscillatory behaviors around zero intensity in the higher velocity regions,
which is a numerical artifact, can be an indication of several components in the velocity
distribution of the precursor.

Quantum chemistry calculations for CpCo(CO), and CpCoCO were performed
using the Gaussian16 program package.*® We used the 6-31+G(d) and 6-311++G(d, p)
basis functions for Co and ligands, respectively. The results of the DFT calculations with

the B3LYP, BVP86, and CAM-B3LYP functionals were compared to examine the
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calculation accuracy, yielding qualitatively consistent data. Our calculations satisfactorily
reproduced the structural parameters for the ground state CpCo(CO); in the literature.*3*
The optical oscillator strengths between the electronic ground and excited states for
CpCo(CO), were calculated with the TD-DFT level of theory at the optimized structure
in the ground state. We found 27 singlet electronic states in the energy range of 7 eV
above the ground state. The characters of the photoabsorption bands were examined based
on the molecular orbitals associated with the electronic transitions. The excited state
energy was calculated using the TD-CAM-B3LYP method. The potential energy curves
of these singlet states were calculated with varying Co—CO bond lengths from 1.2 A to
4.0 A, with an increment of 0.1 A while other structural parameters were optimized. We
also executed the same calculations for CpCoCO, which is the product of CO loss of the

CpCo(CO). first photodissociation and the precursor of the second photodissociation

producing CpCo + CO.

4-3. Results
4-3-1. UV/Vis absorption spectrum of CpCo(CO)2

Figure 4-3 shows the experimental and theoretical photoabsorption spectra of the
CpCo(CO), vapor and molecular orbital associated with the photoabsorption bands. The
ultraviolet absorption spectrum (Figure 4-3(a), red curve) was measured by a UV lamp
spectrometer (Hitachi, U3000), in which a quartz cell was filled with the CpCo(CO)»
vapor of 1 Torr. Four band features peaking at 200, 230, 250, and 290 nm were distinct in
the 190 — 350 nm wavelength region. The simulated absorption spectrum (Figure 4-3(a),
black curve) was synthesized with the oscillator strengths (Figure 4-3(a), stick) obtained

from the DFT calculations and appropriate Gaussian envelopes. The overall features of
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the four bands of the experimental spectrum were well reproduced by the calculation. The
present calculations revealed that these four bands were contributed by several electronic
transitions (shown by sticks in Figure 4-3(a)) which have the same electronic character.
Figure 4-3(b) shows the molecular orbitals associated with the individual peaks. The
nodal patterns and charge transfer of the molecular orbitals provide a qualitative
characterization of the band peaks. The band peaked at 300 nm was characterized by the
electron promotion to the anti-bonding orbitals concerning the Co—CO bond. The charge
transfer from Co to the ligands was smaller than those of other bands. This band is
responsible for the photodissociation study at 355 nm by Oana et al., in which the internal
excitation of CpCoCO and CO was observed.*> The Co—CO dissociativeness at the 300
nm band indicated by the present molecular orbital calculations corroborated previous
experimental studies.’® The two bands in the 210 — 240 nm region, for which the present

measurements were conducted, were found to comprise several electronic transitions
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Figure 4-3 (a) Experimental and theoretical photoabsorption spectra of gaseous

CpCo(CO)a in the ultraviolet region. The theoretical spectrum (black
curve) was calculated using the oscillator strengths (stick) with
Gaussian profile envelopes. (b) Molecular orbitals associated with
the photoabsorption bands. The typical molecular orbitals of the four
peaks in the spectra are shown with the corresponding colors of the
arrows. The numbers designated on the molecular orbitals indicate
the order of the energy.

characterized as charge transfers from the Co metal to the Cp ligand (MLCT(Cp)). The
large electron density variation either in the in-plane or out-of-plane orbitals of Cp with
close energies indicated Cp framework deformation upon photoexcitation. The strong 200
nm band was ascribed to a single electronic transition with an MLCT character to the CO
ligand (MLCT(CO)). In contrast to the 210 — 240 nm bands, a structural change in the Cp

ligand was unexpected in the 200 nm photochemistry.
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Figure 4-4 Product ion yield spectra in the CpCo(CO): photolysis as a function

of photolysis wavelength in the MLCT(Cp) band

4-3-2. Photolysis yield spectra in CpCo(CO), photofragments

Figure 4-4 shows the fragment yield spectra in the 210 — 240 nm region, in which
the mass spectra measured at varied photolysis wavelengths were normalized at the
CpCo" intensity. These fragment ions were first produced as neutral fragments in the
CpCo(CO)> photodissociation; then, they were non-resonantly ionized in the same laser
pulse. The most prominent peak in the MLCT(Cp) bands was the CpCo" signal, which
resulted from two CO ligand losses. The signal intensity of the single CO loss product
(CpCoCO) was as small as less than 10% of the two CO losses, suggesting the sequential
dissociation and secondary photodissociation of CpCoCO. While the signal indicating Cp
loss such as Co(CO): 2" was unobserved, the coordinatively unsaturated complexes with
a partially decomposed Cp ligand (CoCsH,", CoC2H,", and CoCH,") were detected with
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comparable intensity to CpCo'. The Absence of Cp loss signal was consistent with the
photodissociation result of CpCo(CO), in the previous study;*> however, Cp loss can
undergo depending on relative reactivity to other ligands in the excited states.*® Notably,
the observed wavelength dependence of the fragment ion yields (Figure 4-4) can be
ascribed to both the neutral fragmentations in potential pathways (Figure 4-1) and the
ionization efficiency of the individual fragments. These processes occur via one-photon
absorption in a single laser pulse. The ionization efficiency curve would increase
moderately with the photon energy above the ionization threshold. The relative intensity
of CpCoCO" to that of CpCo" was almost flat in the entire wavelength region, whereas
the fragments with a partially decomposed Cp ligand exhibited peculiar variations with
the wavelength. The observed fragment ions could not be attributed to the dissociative
ionization resulting from the two-photon absorption, as the intensity of CpCo(CO)," is
negligible, accounting for less than 1 % of other fragment ions. Here, we assumed that
the fragment ion signal would be larger than the parent (precursor) ion if the dissociative
ionization dominates the photochemistry. With regard to the energetics, the CpCoCO”
intensity appeared at 240 nm, whose two-photon energy of 10.3 eV was lower than the
dissociative ionization threshold, and the relative intensities of CpCo" and CpCoCO"
were much different from the dissociative ionization results.*® Furthermore, although the
two-photon absorption cross section data of CpCo(CO); is not available, the previous
theoretical and experimental studies®?> of an analogous transition-metal carbonyl
(Fe(CO)s) indicated that two-photon excitation followed by dissociative ionization was

unlikely under the present laser conditions.
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4-3-3. Photolysis wavelength dependence of recoil velocity in CpCoCO,

CpCo, CoCsHj; photofragments

Figure 4-5
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(a)Scattering images of the coordinatively unsaturated complexes:

(upper) CpCoCO, (middle) CpCo, and (lower) CoC3H3 at various
photolysis wavelengths (210nm, 220 nm, 230 nm, 240 nm) in the
MLCT(Cp) band of CpCo(CO)z. (b) Velocity distributions and (c) the
peak velocity of the CpCoCO, CpCo, and CoC3Hj3 fragments generated
at various wavelengths in the CpCo(CO): photolysis.
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The ion-images of the CpCo, CpCoCO, and CoC3H3 fragments (Figure 4-5(a))
also showed particular photolysis wavelength dependence in the 210 — 240 nm region.
While the angular distributions of these three unsaturated complex fragments were
constantly isotropic in the MLCT(Cp) band region, the velocity distributions of the CpCo
and CoC3H; fragments shifted at certain wavelengths (Figure 4-5(b)). Such a
discontinuous change at a specific wavelength was unobserved in the velocity distribution
of the CpCoCO fragment, whose yield spectra were also insensitive to the photolysis
wavelength. The wavelength dependence of the velocity distributions is represented as a
plot of the maximum velocity in Figure 4-5(c). The single peak in Figure 4-5(b) contains
several components attributed to different production origins (Figure 4-1). Among them,
a part of the products whose sum of internal and photon energy exceeds the ionization
energy can be non-resonantly ionized in the imaging measurements. Thus, the shifts in
the peak velocity of the CoC3Hs fragment at approximately 230 nm (5.39 eV, 520 kJ/mol)
and the CpCo fragment at 225 nm (5.51 eV, 532 kJ/mol) were regarded as a result of the

appearance of the energy components being ionized.
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The velocity distribution of the CpCo fragments, which resulted from two CO
losses, can be represented by a convoluted function of those of the first photodissociation
and secondary processes. We used the image data of the CpCoCO fragment as the velocity
distribution of the CpCoCO precursor in the laboratory-frame (P£48 (v,)), on which the
second CO loss (either CpCoCO — CpCo + CO, or CpCoCO + hvang — CpCo + CO)
occurred with the velocity distribution in the center-of-mass frame (P5™(u,)). The
velocity distributions of the CpCo fragments were measured in the laboratory-frame
(PEB(v,)). Using the experimental data of P48 (v;) and P48 (v,), we obtained the
P£M(u,) function by the fitting procedure. The results indicated that P£™ (u,) for the
second CO loss from CpCoCO (Figure 4-6, left) comprised two velocity components,

1

which were maximized at 200 and 130 ms ', respectively. We ascribed the faster
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Figure 4-6 Center-of-mass velocity distributions of the CpCo and CoCsH3

fragments generated at various wavelengths in the CpCo(CO):

photolysis.
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component to the second photodissociation (CpCoCO + hvang — CoCo + CO) and the
slower one to sequential dissociation (CpCoCO — CoCo + CO). An attempt was also
made to obtain the center-of-mass velocity distributions of the second photodissociation
of CpCo (CpCo + hvang — CoC3Hs + CoH») by applying the same analysis method to the
experimental data of the CpCo and CoC3Hj; fragments as PL48 (v;) and P48 (v,). The
analysis yielded unphysical results with negative intensity in PS™ (uy,), as is shown in the
right-hand panel in Figure 4-6. The comparable contributions of the second
photodissociation and sequential dissociation may have caused the numerical error
(Figure 4-2). We examined the numerical analysis approach using several model functions
for PL4B(v;) and Pi4B(v,) to determine whether they could reproduce a known
PfM(u,) input. The artificial intensity was often calculated for such PF4B(v;) that

contains two or more components. Thus, this study did not further discuss the second

photodissociation (CpCo + hvang — CoC3H3 + CoH»).
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4-3-4. CO photofragment in v = 0,1
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Figure 4-7 (a) REMPI spectra of the CO fragments in the CpCo(CO)2

photolysis. (b) Boltzmann plot for the rotational state distribution of
the CO fragments in the v = 0 state. The red and blue lines indicate
the rotational temperatures of 1500 K and (1400K, 1600K),
respectively. The prominent peak at the low-J transitions in the 09
band are not due to photofragments but contaminated CO in the

sample.

In contrast to the coordinatively unsaturated fragments, state-resolved detection
was attainable for the CO fragments, with REMPI spectra at the 230 nm region and a
rotational Boltzmann plot for v = 0 (Figure 4-7). The measurement of the CO REMPI
spectra was spectroscopically limited to the v = 0 and 1 vibrational states, in which the
population in the highly rotationally excited J states was observed. Although the
rotational structure was not clearly resolved, our analysis yielded the overall rotational
temperature of 1500 £ 100 K for the v = 0 state (Figure 4-7(b)) and the vibrational state
distribution of [v=0] : [v=1] =4 : 1. The state-resolved scattering images were measured
for several (v, J) states. The results are represented as the released linear momentum

distributions in Figure 4-8. The linear momentum of the CO fragments increased for
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Figure 4-8 State-resolved linear momentum distributions of the CO fragments

in the CpCo(CO): photolysis. The linear momentum distributions of
CpCo (red) and CpCoCO (black) are shown for comparison.

higher rotational J states. The rotational state-dependence of the linear momentum (and
the kinetic energy) release was not readily explained. This may be due to the limited
measurement of the CO states to v=0 and 1. An extended investigation into a wider range
of the (v, J) states of the CO fragments would be desirable. Alternatively, we confined our
discussion to the generation origin of the CO (v =0 and 1) fragments. The counterproduct
of CO loss should be CpCoCO and CpCo based on our experimental result that other
possible precursors such as CoCO, Co(CO), and C3H3Co(CO)> were undetected. The
linear momentum distributions of CpCoCO and CpCo, which were obtained from the ion-
imaging results, are also shown for comparison in Figure 4-8. The linear momentum
distributions of CpCo (Figure 4-8, red curve) and CO properly overlapped. The deviation
was observed in the higher J (>30) states in the v = 0 state, which, however, significantly
decreased the relative population. The difference in overlapping between CpCo and
CpCoCO (Figure 4-8, black curve) was more clearly observed in the v = 1 state. A good
matching of the released momenta indicated a significant contribution of CpCoCO —
CpCo + CO (v=0and 1) in the observed results.
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4-4. Discussion

4-4-1. Competition of sequential dissociation and second photodissociation
Following the first photodissociation generating the CO fragments, the second

photodissociation and sequential dissociation of the CpCoCO intermediate can compete,

as is generally observed in ultraviolet photolysis of transition-metal carbonyls with a

nanosecond laser pulse.>? The experimental standard enthalpy of reaction (A.H°) and

ionization potential (IP) in the literature®® for the dissociations relevant to the present

experiment are as follows:

CpCo(CO). — CpCoCO +CO AH°=184.3 kl/mol (1.91 eV)
CpCoCO — Cp +Co +CO A.H°=385.0kJ/mol (3.99¢V)
IP: CpCo(CO)a: 709.1 kJ/mol (7.35 eV) CpCoCO: 672.5 kJ/mol (6.97 eV)

The photon energy of 500 — 570 kJ/mol (210 — 240 nm) employed in this measurement
energetically allowed the loss of two CO at most from the parent through the sequential
CO loss (CoCp(CO)2 + hv — CpCoCO + CO — CoCp + 2CO). Since the CpCoCO
intermediate, which is generated by the first photodissociation (CpCo(CO)2 + hv —
CpCoCO + CO), likely has a photoabsorption cross section as large as that of CpCo(CO)»,
the second photodissociation (CpCoCO + hv — CpCo + CO) indeed occurs within an
identical pulse with a duration of 10 ns. We took an approach to distinguish these
competing processes by measuring the photolysis wavelength dependence of the product
velocity, which should vary at the energy threshold of each generation origin. The
CpCoCO velocity, with the maximum value depicted in Figure 4-5(c)(e®), was almost flat
in the 210 — 240 nm region, indicating a single mechanism of the first photodissociation
(CpCo(CO)2 + hv — CpCoCO + CO) upon MLCT(Cp) excitation. This result contrasted

with a perceptible decrease in the CpCo velocity at approximately 225 nm (Figure 4-
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5(c))(®). We ascribed the apparent decrease in the CpCo velocity in the shorter
wavelength region than 225 nm to the participation of ionization of the relatively slower
CpCo fragment generated in the sequential dissociation (CpCoCO — CpCo + CO).
Another possible origin of CpCo is the secondary photodissociation of CpCoCO
(CpCoCO + hvang — CpCo + CO), whose CpCo product should be much more internally
energized to be photoionized with less photon energy. As shown above, the generation of
the neutral CpCo fragment both in the sequential dissociation and secondary
photodissociation can be energetically allowed even at a wavelength longer than 225 nm.
However, the CpCo product in the one-photon sequential dissociation might not be
detected in ion-imaging at 225 nm owing to the insufficient photon energy for ionization.
The decrease in the translational energy release by the shorter wavelength irradiation,
although which looks energetically reversed, can be accounted for by the effective
ionization threshold of the slow and less internally excited CpCo fragment at 225 nm.
The ionization energy of CpCo, which would provide a quantitative basis for our
interpretation, was only not determined in the previous study for the energetics of
CpCo(CO);, and its unsaturated complexes.?® Referring to the ionization energies of 7.35
eV for CpCo(CO); and 6.97 eV for CpCoCO, the photon energy of 225 nm (532 kJ/mol,
5.51 eV) was somewhat low for the CpCo ionization energy. However, the CpCo
fragment ionized in this measurement acquired a fairly large internal energy, among
which the electronic energy was more significant. The electronic ground state of CpCo is
a triplet, above which the singlet state should be located as a metastable state. Assuming
that the CpCo fragment in sequential dissociation is produced in the singlet state, the
photon energy required for ionization is lower than the ionization energy by the singlet—

triplet energy difference. The singlet—triplet energy difference of CpCo was evaluated as
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1.5 eV by the DFT calculation (Table 1), which is comparable to the literature values of
0.6 eV for CpCo(CO)2 and 1.11 eV for CpCoCO.?” Thus, our approach was illustrated to
differentiate, albeit indirectly, the CpCo fragments with different generation origins
(sequential dissociation with one-photon energy and second photodissociation) based on
their difference in the velocity distributions. The interpretation would be limited by the

non-resonant ionization detection which may exhibit different detection efficiency

Table 1 (a) Singlet—triplet energy gaps, (b) the Co—ligand bond dissociation energy
(BDE) of CpCo(CO)2, CpCoCO and CpCo, and (c) ionization energy of
CpCo(CO)," and appearance energy of CpCoCO" and CpCo". The energy

gap in (a) is the relative energy to the minimum of the singlet ground state.

(a)
Spin state AE Ref. 30  Ref. 37
/eV (Exp.) (Calc.)
CpCo(CO)2 Singlet -- -- --
CpCoCO Singlet 2.19 1.91 2.35
Triplet 1.12 1.23
CpCo Singlet 4.51
Triplet 3.02
CoCsH3 Singlet 7.64
Triplet 7.35
(b) (c)
BDE / eV APE/eV
CpCoCO—CO [S—S] 2.19 CpCo(CO)," 7.35
CpCoCO—CO [S—T] 1.12 CpCoCO" 8.88
CpCo—CO [S—S] 2.32 CpCo* 10.38
CpCo—CO [T—-T] 1.91
CoC3H3—C2H: [S—S] 3.12
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depending on the internally excited states of the products. The independence of the
CpCoCO signal on the wavelength (Fig. 4-5(c)(®)) can be regarded as a basis for the
validity of the analysis.

The shift in the peak velocity of the CoCsH3z fragment at 235 nm (Figure 4-
5(c)(®)) was related to the energy threshold of the sequential dissociation (CpCo(CO)> +
hv — CpCoCO + CO — CpCo + CO + CO). The CoC3H3z generation is primarily
attributed to the second photodissociation of CpCo (CpCo + hvana — CoC3H3z + C2Hb).

Because the measured velocity of CoCsHs (VESZ, p,) is the sum of the velocity of the

precursor (V’éf,lgo) and center-of-mass velocity given by the photodissociation (vggg Hy)>
the slower CpCo precursor due to sequential dissociation can contribute to decreasing the
average velocity of the whole CoC3Hj3 products through the Véf,‘& Hy = Vé‘;,”go + vgglcvé Hs
relationship. The amount of the velocity shifts of CpCo at 225 nm and CoC3H3 at 235 nm
shown in Figure 4-5, both of which we ascribed to the sequential dissociation, were
consistently similar to each other (Av = 100 m/s), supporting our explanation. Although
the photon energy of 235 nm (509 kJ/mol, 5.28 eV) is too high for the energy threshold
of sequential dissociation, compared to a known value of the ionic analog (CpCo(CO),"
— CpCo* + 2CO) of 3.03 eV,?® the sufficiently high internal energy of the precursors
facilitates both steps of sequential CO loss. As a result, the products (CpCo and 2CO) are
likely to be rovibrationally excited. The effective energy threshold of sequential
dissociation can exceed the energetics, giving a basis for our interpretation of the velocity
shift at 235 nm. Nevertheless, the determination of either the ionization energy of CpCo
or the bond dissociation energy of CpCoCO — CpCo + CO has been desired as a critical

value for the whole energetic of CpCo(CO)2, CpCo(CO):" and their unsaturated

families.?®
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4-4-2. Identification of the counterproduct of the second photodissociation

CO fragments can be generated in any of the first photodissociation, sequential
dissociation, or second photodissociation. The results of the momentum overlapping of
the CO (v =0 and 1) fragments with the CpCo product shown in Figure 4-8 (red curve)
indicate their paired production. The photolysis wavelength of the momentum matching
measurements was 230 nm, at which the CpCo velocity was biased to the faster side
(Figure 4-5(c)(®)). We ascribed the faster CpCo fragment to the second photodissociation
of CpCoCO in the previous section. Thus, the production origin of the low-v CO is likely
to be the second photodissociation of CpCoCO: CpCoCO + hvsng — CpCo + CO(v = 0,
1). Because of the limitation of the REMPI detection of CO in the v =0 and 1 states, the
population of the higher vibrationally excited states (N,»,) was not evaluated in the
present measurements. Following the thermal distribution with the analyzed temperature
of 1500 K (Figure 4-7), the N,,—,/ N,,—, ratio was estimated as small as 0.05, implying a
much smaller N,,5, population. In addition, a fairly good momentum matching conversely
suggested that the CO fragments in the first photodissociation, which was not measured,

are likely populated in the v > 2 states.

(a) CpCo(CO), (b) CpCoCO
I !
104 ™
@ C
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Co—CO Bond Length / A Co-CO Bond Length / A
Figure 4-9 Potential energy curves of the Co—CO dissociation of (a)

CpCo(CO), and (b) CpCoCO calculated at the TD-DFT level of
theory.



4-4-3. Potential energy curves of the CO loss of CpCo(CO), and CpCoCO
Figure 4-9 shows the potential energy curves responsible for CO loss calculated
for the singlet ground and excited states of CpCp(CO)> and CpCoCO. Our calculations
revealed dense electronic excited state structures above 4 eV for both CpCo(CO), and
CpCoCO, indicating efficient internal conversion upon photoexcitation in the 210 — 240
nm region. A qualitative difference in the electronic structures of CpCo(CO), and
CpCoCO was found in the lower excited states. The potential energy curves of the low
excited states of CpCo(CO), were mostly repulsive concerning the Co—CO bond with an
apparent energy gap to the electronic ground state, while the quasi-bound regions
converging to the ground state potential energy curve appeared in the lower excited states
of CpCoCO. Given that internal conversion proceeds at a faster rate among energetically
closer electronic states, the calculated potential energy curves imply that the first
photodissociation (CpCo(CO); + hv — CpCoCO + CO) likely occurs in the lower excited
states following a fast electronic relaxation from the higher photoinitiated states, and the
precursor of the second photodissociation (CpCoCO) is highly internally excited.!'® The
prediction based on the experimental and theoretical results suggests that the relative time
scale of CO dissociation to the internal conversion of transition-metal carbonyls can

depend on the topology of potential energy curves and the energy gap to the ground state.

4-4-4. Stability of CoCs;Hj as an intermediate in CpCo photodissociation

The signal of CoC3H3" was detected with a relatively larger intensity in the
product yield spectra (Figure 4-4). Since accurate ionization efficiency data are
unavailable, the production branching ratio of CoC3Hj3 to other coordinatively unsaturated
complexes was not determined. The CoC3H3z complex is so stable that the appearance

energy was precisely measured as 16.8 eV.>® We confirmed the stable structure of CoC3H3
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by DFT calculations (Figure 4-10).

(b)

24. HOMO 28. LUMO+3

"

23. HOMO-l% 27. LUMO+2
R(Co-C1)/ A 1.78 —
R(Co-C2)/ A 2.29 : 26. LUMO+1

¥

Figure 4-10 The molecular structure (a) and several molecular orbitals relevant
to the ultraviolet absorptions (b) of CoC3Hj calculated at the level of
TD-DFT theory. The structural parameters shown in (a) are the
optimized values in the singlet electronic ground state. The CoCsHj3
complex has a planar structure. The numbers at an individual
molecular orbital denote the order of the orbital energy.

R(C1-C1)/ A 1.40
DA(Co-C1-C2-H2) o o
/ degree

21. HOMO-3 25. LUMO

The CoC3H3z complex is energetically optimized with the two carbon atoms bound to the
Co center, exhibiting different bonding characteristics from the Cp ligand which has the
n° form. The generation of CoC3Hs is presumably due to the photodissociation of CpCo
(CpCo + hvang — CoC3H3 + CoHz) based on the observed result; the similar velocity shifts
of CpCo and CoC3Hj3 (Figure 4-5) support that CpCo is the precursor of the CoC3Hj3
product, and the absence of the CoC3H3(CO)1 2 signals (Figure 4-4) indicates that the loss
of CO precedes the decomposition of the Cp ligand. The decomposition of cyclic alkyl
39,40

ligands due to ultraviolet photoexcitation was observed for metal ion complexes.

Although CsHs is generally known as a stable ligand especially in its anionic form, the
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MLCT(Cp) excitation could cause the decomposition of the Cp framework and
conformation conversion to the relatively stable Cs3Hz coordination in the CpCo

photodissociation.

4-4-5. Contribution of the singlet and triplet states in the CpCo(CO),
photodissociation

The electronic ground state of CpCo(CO); is singlet, whereas CpCoCO and
CpCo have a triplet ground state and a low-lying singlet state as a metastable state. The
reactivity of the CpCo(CO), family in the singlet and triplet states was investigated by
Carreon-Macedo and Harvey with the DFT and CCSD calculations, based on which the
potential energy surfaces regarding ligand addition reactions were discussed.’’ The
singlet—triplet energy gap of CpCo(CO), and CpCoCO—-CO bond dissociation energy
were well reproduced by our DFT calculations. The singlet—triplet energy gaps and Co—
ligand bond dissociation energies of CpCo(CO),, CpCoCO, and CpCo are summarized in
Table 1. The Co—CO bond dissociation energy, which was approximately 200 kJ/mol, was
not significantly different in the singlet and triplet states or among the neutral and ionic
unsaturated complexes. Our assumption that the CpCoCO and CpCo fragments are
produced in the singlet states, for which only the singlet potential energy curves were
considered (Figure 4-9), was based on the common photochemistry of transition-metal
carbonyls. Photochemistry of Fe(CO)s, which is a typical transition-metal carbonyl, has

2,10,12,41,42 in which

been intensively investigated in theoretical and experimental studies,
one- and two-CO loss generating Fe(CO)4 and Fe(CO)s in the singlet potential energy

surfaces is corroborated. The spin-orbit interaction in the electronic excited states of

CpCo(CO)2 and CpCoCO would facilitate the participation of the triplet states in the
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whole photochemistry. The Cp ligand could play a role in mixing the triplet character.
However, since any results positively indicating the triplet state participation were
unobtained in the present experiments, we assumed that the first and second
photodissociation and sequential dissociations proceeded on the singlet potential energy
surfaces. Theoretical studies with calculations of the spin-orbit interaction*’ are desired

for elucidating the spin states relevant to the photochemistry of the MLCT(Cp) band.

4-5. Conclusion

The photodissociation dynamics of CpCo(CO), was investigated in the 210 —
240 nm region. Our quantum chemistry calculations characterized the photoabsorption
band in the examined region as the MLCT(Cp) transition. The experiments under the
one-color scheme, where photodissociations and ionizations were accomplished within
a single laser pulse, revealed the generation of coordinatively unsaturated complexes
and CO fragments. The relative yield spectra of these unsaturated complexes and their
recoil velocity distributions were measured as a function of photon energy. The
experimental results indicated that, following the first photodissociation (CpCo(CO), +
hv — CpCoCO + CO), the CpCoCO unsaturated complex underwent sequential
dissociation (CpCoCO — CpCo + CO) and second photodissociation (CpCoCO + hvang
— CpCo + CO, CpCo + hvanda — CoC3Hsz + C2Hz). The analysis based on the released
momentum matching suggested that the CO (v = 0 and 1) fragments were the
counterproducts of CpCo in the second photodissociation of CpCoCO. The average
recoil velocities of CpCo and CoC3H3 exhibited step-like decreases at 225 nm and 235
nm, respectively, as the photon energy increased. The slow shifts were ascribed to the

onset of ionization of the slow CpCo fragment in the sequential dissociation of CpCoCO
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and the CoCsH3 fragment in the second photodissociation of the CpCo precursor. The
same amount of velocity shifts of the CpCo and CoCsH3 fragments provided additional
experimental support for the contribution from the common CpCoCO precursor. The
measurement results contained some outcomes of the second photodissociation of the
CpCoCO and CpCo unsaturated intermediates, which are usually selectively hard to
observe in laser photolysis of the transition-metal complexes. The pathways of CO loss
from CpCo(CO), and CpCoCO were also theoretically investigated to explain the
experimental results. A notable difference in the potential energy curves responsible for
CO loss from CpCo(CO)2 and CpCoCO was found in the low-lying excited states; a
relatively large energy gap was formed between the ground state and repulsive excited
states of CpCo(CO),, whereas the potential energy curves with the bound state regions
were relatively continuous from the excited states to the ground state of CpCoCO.
Considering that internal conversion, which is a preceding photochemical process to
others in transition-metal carbonyls, is faster among the states with the smaller energy
difference, a probable reaction route of first CO loss is inferred to evolve in the low-
lying repulsive excited states of CpCo(CO).. Time-resolved experiments will be helpful
in confirming our speculation as well as dynamics calculations for the excited states.
The overall photochemistry of CpCo(CO): and its unsaturated complexes were assumed
to proceed in the spin singlet states in the calculations of the potential energy surfaces
and the bond dissociation energies relevant to CO loss. The assumption of singlet state
reactions can be a subject of future studies. CO loss, which is a major process in the
photochemistry of metal carbonyl complexes, governs the generation of highly reactive
unsaturated complexes. In this study, we demonstrated experimental discrimination of

CO fragments with different generation origins (sequential dissociation and second
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photodissociation) by measuring the wavelength dependence of the recoil velocity

distributions of the coordinatively unsaturated intermediates.
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Chapter 5

General Conclusions
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The aim of this study was to determine the origin of CO fragments produced by
multi-step dissociation reactions of transition metal carbonyl complexes. In the
photodissociation reaction of Fe(CO)s, highly vibrationally excited CO with vibrational
state v>10 was detected, which was found to be the origin of dissociation from FeCO. In
CpCo(CO),, the wavelength dependence of the recoil velocity distribution of the
coordinatively unsaturated intermediate was measured to identify CO fragments of
different formation origins ( Sequential dissociation and second photodissociation) were
experimentally demonstrated. As a new attempt, I have also developed an analytical
method to obtain the velocity distribution in the center of mass coordinate system.

Despite the fact that state selection of photofragments using ion imaging is an
effective method for studying reaction dynamics, its application to the study of
photodissociation reactions of transition metal complexes has been limited. However,
measuring the wavelength dependence has proven to be useful; CO fragments tend to be
difficult to obtain wavelength dependence due to spectroscopic limitations. On the other
hand, unsaturated photofragments can be ionized non-resonantly, so the reaction
dependence of the dissociation can be measured from the ion yield spectra and scattering
distribution images. Combining these results on the unsaturated complex side with those
of CO, it is possible to determine which dissociation step the detected CO is a product of.

We hope that this study will promote future experimental and theoretical studies.
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