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Abstract 

Characterization of Substituted Radicals by Multi-Edge Femtosecond X-Ray Transient 

Absorption Spectroscopy 

 

by 

Zheyue Yang 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Stephen R. Leone, Chair 

 

Femtosecond x-ray transient absorption spectroscopy is used in conjunction with selective bond 

breaking to characterize the electronic structures of substituted radicals. By utilizing the Ã band 

photodissociation of iodides, a series of carbon-centered radicals is produced and their frontier 

molecular orbitals are probed via core-level transitions by x-ray photons produced through high 

harmonic generation, whose limit has been extended to 390 eV with the apparatus detailed in the 

second chapter. 

Two types of substituted radicals are studied in this work to demonstrate substitution effects: 

halogenated radicals and alkyl substituted radicals. The third chapter focuses on the halogenated 

radicals, in particular ·CH2Cl and ·CH2Br, which are produced under ultraviolet radiation of 

CH2ICl and CH2IBr, respectively. The ·CH2Cl radical is probed via the carbon K edge and the 

chlorine L2,3 edges to reveal the electron withdrawing effect impacting different atoms in the 

photodissociation of CH2ICl. Core-level transitions in ·CH2Br are studied in comparison to ·CH3 

and ·CH2Cl to understand possible stabilization of the frontier molecular orbital by π bonding and 

the strength of such stabilization. The fourth chapter turns to the alkyl substituted radicals, where 

the methyl, ethyl, isopropyl and tert-butyl radical are produced from methyl, ethyl, isopropyl and 

tert-butyl iodide, respectively. While the characteristic carbon 1s→σ*(C-I) transition takes place 

in the parent iodides at similar energies, the transition from carbon 1s to the frontier singly 

occupied molecular orbital differs drastically in the radicals. This can be explained by either a 

significant change in the carbon 1s orbital of the radicals because of methyl substitution or 

complications due to vibrational excitation. The results point to new directions for core-level 

theoretical investigations. 
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Chapter 1. Introduction to Core Level Radical Spectroscopy 

1.1  Radicals 

Radicals, the group of molecular entities with an unpaired electron,1 hold the key to 

numerous chemical reactions and thus have long been intriguing to chemists. They form important 

intermediates in chemical reactions and their stability can greatly impact reaction mechanisms and 

branching pathways.2-5 Free radicals, with few exceptions,6-7 are in general difficult to maintain 

for investigation, due to their reactivity and short lifetimes. Hence, fully understanding the 

geometry and the electronic structures of radicals has been an obstacle, especially with heavily 

substituted radicals. 

The frontier molecular orbital of a radical is characterized by a half-filled orbital, or singly 

occupied molecular orbital (SOMO). In the simplest carbon-containing radical ·CH3, which has a 

planar structure, its SOMO resembles the atomic 2p orbital of carbon as shown in Figure 1.1. 

However, as the methyl radical is substituted, its planar geometry may change as well as the 

substitution can greatly affect the orbital character of the SOMO. Several factors influencing the 

SOMO include resonance stabilization, hyperconjugation8 and π backbonding9. 

 

Figure 1.1 The frontier singly occupied molecular orbital (SOMO) of the methyl radical (·CH3), 

which resembles the atomic carbon 2p orbital. 

 

Two types of substituted radicals are studied in this dissertation: one is halogenated radicals 

and the other, alkyl substituted radicals.  

Halogenated radicals are common intermediates and byproducts in combustion and 

atmospheric processes. For example, the CH2Cl radical has been proposed, with various 

mechanisms, to be an inhibitor in the combustion of chlorinated fuels,10 an origin of soot 

formation,11 as well as key to stratospheric processes such as ozone depletion,12 in addition to 

marine decomposition where boundary aqueous layers react with these radicals to a non-negligible 

extent.13 
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Alkyl substitution is another fundamental class of substituents. From a planar geometry 

in ·CH3 to a slightly non-planar geometry in tert-butyl radical, the increasing stability has invoked 

research into their structures, ionization energies and valence absorption spectra.14-16 However, 

results are often convoluted with higher-lying states in the valence shell and complication within 

the ionic states. Therefore it is crucial to resolve how the SOMOs of the radicals are changed by 

substitution from a fundamental perspective, and core-level spectroscopy will provide such 

insights. 

 

 

1.2 Core Level Spectroscopy 

With the advent of synchrotron facilities17-18 and table top extreme ultraviolet (XUV)/x-

ray sources,19-20 core-level spectroscopy has become a novel tool to study electronic structures and 

molecular dynamics.21-22 Core-level transitions take place in inner shells whose nomenclature is 

based on the principle quantum number of the core orbital, e.g. K edge for 1s, L1 for 2s, L2,3 for 

2p and M4,5 for 3d. As the wavefunctions of core orbitals are more localized, their energy levels 

are much more separated than those of the valence orbitals. Table 1.1 lists some common core 

shell energy levels23-25 that will be discussed in this dissertation. It is obvious that each atom has 

distinct core shell energy levels and therefore in core level spectroscopy the behavior of different 

atoms can be easily distinguished. 

Table 1.1 Summary of relevant atomic core levels. 

Atom Edge Energy (eV) 

C K ~285 eV 

Cl L1 ~270 eV 

Cl L2,3 ~200 eV 

N K ~400 eV 

Br M4,5 ~75 eV 

 

Apart from energy separations pinpointing element specificity, core-level transitions also 

carry abundant information about the chemical environment of each atom such as its oxidation 

state and spin state.26 In core-level absorption spectroscopy, the technique that will be utilized 

throughout this dissertation, an XUV/x-ray photon excites an electron from a core orbital to various 

vacant valence orbitals, as schematically shown in Figure 1.2(a). The absorption energy with its 

cross section embeds the information of not only the core shell, but also the valence shell. 

Transitions from the same core orbital will render relative orderings of unoccupied valence 

molecular orbitals while transitions to the same vacant molecular orbital detail the difference 

among the core orbitals. 
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Figure 1.2 (a) A generic schematic diagram showing various possibilities of core-level transitions 

represented by the blue, red and green arrow. (b) A generic diagram for carbon K edge radical 

absorption spectroscopy where the orange arrow represents the transition expected to be observed 

in radicals. HOMO is abbreviated for highest occupied molecular orbital, LUMO lowest 

unoccupied molecular orbital, SOMO singly occupied molecular orbital and HFOMO highest fully 

occupied molecular orbital. 

 

 For radicals with the unpaired electron centered on carbon, the core-level absorption 

spectroscopy at the carbon K edge is especially advantageous, since it is capable of probing the 

SOMO directly from the carbon 1s orbital, as drawn out in Figure 1.2 (b). The orbital selection 

rules also favor transitions from carbon 1s to orbitals with p character, which allows easy detection 

of radicals whose SOMO is largely carbon 2p in character. 

 

1.3  Radicals Generated Through Photodissociation 

Pyrolysis has been widely used to generate radicals where radicals are produced through 

thermal decomposition of a particular molecule at elevated temperatures, e.g. ·CH3 can be 

produced through flash pyrolysis of azomethane,27 tert-butyl radical through pyrolysis of alkyl 

nitrites16, etc. However, each radical will require a distinct molecule to decompose from and the 

conditions vary with materials.  

In this work, photodissociation is used as the means to produce radicals. It has been well 

established that the A band photodissociation of iodides will lead to the carbon-iodine bond 
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breaking.28-30 Figure 1.3 shows the uniform broad absorption bands across different iodides.31-35 

With ultraviolet (UV) radiation centered at 260-270 nm, one electron is promoted from the non-

bonding iodine 5p orbital to a σ*(C-I) antibonding orbital, leading to repulsive states and 

photodissociation into a radical and an iodine atom or its spin excited counterpart: 

 

A generic potential energy diagram of this direct photodissociation mechanism of iodides is 

depicted in Figure 1.4.36 By changing the functional group attached to the iodine atom, desired 

radicals can be produced, e.g. CH2ICl will lead to photodissociation into CH2Cl, tert-butyl iodide 

into tert-butyl radical. 

Moreover, this is a selective bond breaking process, as the UV radiation is not sufficient to 

trigger C-C or C-H bond breaking. In dihalogenmethanes, such as CH2ICl and CH2IBr, the C-Cl37-

38 and the C-Br bond breaking wavelengths25, 28 are also considerably away from the C-I bond 

breaking wavelength, allowing the C-I bond breaking to be the predominant pathway. 

 

Figure 1.3 The ultraviolet absorption spectra of various iodides.31-35 The broad band peaking at 

260-270 nm corresponds to the A band photodissociation of iodides. 
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Figure 1.4 A generic potential energy diagram of iodide photodissociation. With UV excitation, 

an electron is promoted from the ground state to the 3Q0 state (or its equivalent). A portion of the 

wavepacket will leak through the conical intersection into 1Q1. Both states are repulsive and lead 

to final dissociation into a radical. Adapted from reference 36.  

 

1.4 Pump Probe Technique and Transient Absorption Spectroscopy 

To study the core-level spectroscopy of radicals, a femtosecond pump probe technique is 

used. A first short UV pulse is used to initiate the photodissociation process of interest and a second 

XUV/x-ray pulse, at a precisely-controlled time delay, is used to monitor the response of the 

system. With the femtosecond technique implemented in this dissertation, the two pulses are both 

on the 100-femtosecond (fs) timescale, close to the photodissociation timescale of iodides. 

Therefore it is well suited to follow the photodissociation dynamics and probe radicals formed 

immediately after the photodissociation reaction is complete. Limited by the XUV/x-ray photon 

flux, the transient absorption technique is employed instead of a photoelectron technique, as 

photoelectron techniques rely more on absolute photon flux, whereas absorption techniques focus 

on the change in photon flux. 

In the core-level absorption experiments described in this dissertation, an iodide is first 

probed with the XUV/x-ray radiation in order to observe the electronic structure of the parent 

molecule before photodissociation. Characteristically, a C(1s)→σ*(C-I) transition is observed, as 

the σ*(C-I) orbital is the lowest unoccupied molecular orbital (LUMO) in the parent molecule. 

During the photodissociation process, an electron is promoted by the UV radiation from the iodine 

5p to the σ*(C-I) orbital, i.e. σ*(C-I) becomes half-filled instead of fully unoccupied, depleting the 

transition probability of C(1s)→σ*(C-I). After photodissociation, the σ*(C-I) orbital is broken and 

a SOMO is formed centered on carbon, which can consequently be observed as a new feature. An 

overview of changes in electronic configuration and their implications for core-level spectroscopy 

is demonstrated in Figure 1.5. 
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Figure 1.5 An illustration of an iodide photodissociation reaction observed at the carbon K edge. 

 

 The following chapters will discuss first the instrument to conduct such core-level 

absorption experiments (Chapter 2) and then the use of the technique to reveal fundamental factors 

in organic chemistry, such as the electron withdrawing effect and π backbonding in halogenated 

radicals (Chapter 3) and hyperconjugation in alkyl substituted radicals (Chapter 4).  
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Chapter 2. Characterization and Optimization of a Table-

Top UV-Pump X-Ray-Probe Instrument 

 

2.1   Introduction 

To perform core-level spectroscopic studies of radicals, an ultraviolet-pump soft x-ray 

probe apparatus is needed where the ultraviolet light source facilitates selective bond breaking 

(“pump”) and the soft x-ray source detects electronic excitation from the core levels of radicals 

(“probe”). This chapter addresses the working principles behind such an apparatus and key factors 

in improving its performance. Section 2.2 discusses the probe, section 2.3 describes the pump and 

section 2.4 lays out the data acquisition methods and characterizes the spectral and temporal 

resolution. 

 

2.2   The Probe – Soft X-Ray by High Harmonic Generation (HHG)  

 
2.2.1 General Description of the Three-Step Model and the Cutoff Equation 

While large facilities such as synchrotrons at various sites have provided opportunities to 

conduct x-ray-related experiments,1-3 table-top x-ray sources utilizing high harmonic generation 

have come into the spotlight4-6 as they are much more easily accessible and have more flexibility 

in choosing the x-ray wavelength of interest. 

The mechanism of high harmonic generation has been explained semi-classically by Paul 

Corkum7 using a three-step model. (1) The electric field of a short-pulse laser is strong enough to 

tunnel ionize gaseous atoms. (2) The emitted electron propagates in the laser field, gaining kinetic 

energy. It travels away from the parent atom in the first half cycle and back in the second half. (3) 

The electron recombines with the parent atom with a small probability8-9 and the energy is 

conserved by emitting a photon whose energy is given by: 

𝐸𝐻𝐻𝐺 = 𝐼𝑃 + 3.17𝑈𝑝 = 𝐼𝑃 + 3.17 
𝑒2𝐸0

2

4𝑚𝑒𝜔0
2     Equation 2.1 

where 𝐼𝑃 is the ionization potential of the gaseous atom, 𝑈𝑝 the ponderomotive energy 

corresponding to how much kinetic energy the electron has gained in step (2), 𝑒 the electron charge, 

𝐸0 amplitude of the laser field, 𝑚𝑒 the electron effective mass, and 𝜔0 the driving laser frequency.  

By inspection of Equation 2.1, it is obvious that the HHG cutoff energy is dependent on 

the ionization potential of the gaseous atom, the intensity and the frequency of the driving laser. 

Therefore to achieve high HHG photon energies, not only a gas medium with higher ionization 

potential is required, but also longer driving wavelength and high intensity. In this dissertation, all 

the HHG processes use helium as it has the highest ionization potential among all noble gases. 

Moreover, a tunable optical parametric amplifier is used to convert the 800 nm output of a 

Ti:Sapphire laser into 1300-1600 nm with high intensity, as previous tabletop HHG sources10-11  

directly using 800 nm to drive HHG have been shown to have a cutoff energy well below the 

carbon K (1s) edge. 
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According to the three-step model, the HHG process occurs every half cycle and different 

orders of high harmonics are emitted in a burst. Therefore for best high harmonic generation flux, 

phase matching conditions need to be achieved, i.e. the fundamental laser field constructively 

interferes with the HHG field so that the fundamental and the higher orders of harmonic travel 

coherently within the gas medium. Several factors control the phase mismatch, including atomic 

dispersion, plasma dispersion and waveguide dispersion, all of which depend on the refractive 

index of the respective frequency in the gas medium. Additionally, atomic dispersion and plasma 

dispersion are related to neutral gas density and plasma density, which are affected by the pressure 

of the gas medium and the intensity of the driving laser. Waveguide dispersion is influenced by 

focusing conditions.4, 12 In summary, by tuning the pressure of helium and focusing conditions, 

phase mismatch can be minimized to obtain the highest HHG flux and to approach the theoretical 

cutoff energy given in Equation 2.1. 

 

2.2.2 Optimization of the HHG Source in the Soft X-Ray Regime 

 

2.2.2.1 A Brief Description of HHG Beamline Components 

Following the principles of high harmonic generation as described above, an experimental 

apparatus capable of generating HHG photons in the range of 150-390 eV has been assembled. 

The system consists of two parts: (1) the commercial laser system delivering the fundamental 

driving frequency and (2) the home built beamline for high harmonic generation.  

(1) The commercial laser system is composed of a MaiTai SP oscillator (purchased from 

Spectra-Physics) producing 35-fs near infrared pulses centered at 800 nm with a 60 nm bandwidth, 

a Spitfire Ace amplifier (purchased from Spectra-Physics) outputting 35-fs 800 nm pulses with a 

40 nm bandwidth and a tunable high power traveling-wave optical parametric amplifier of 

superfluorescence (TOPAS, purchased from Light Conversion) converting 800 nm to 1300-1600 

nm using amplification of white light generation. The amplifier is seeded by the oscillator and 

pumps the TOPAS. The typical parameters of the laser elements mentioned above are summarized 

in Table 2.1. 

Table 2.1 Summary of the parameters of each laser element. 

Laser Element Repetition Rate Wavelength Ave. Power 

MaiTai SP 42.41 MHz 800 nm 650 mW 

Spitfire Ace 1 kHz 800 nm 12 W 

TOPAS (signal)a 1 kHz 1320 nm 2.6 W 

TOPAS (idler) 1 kHz 2030 nm 2.4 W 

 
a. Note that the TOPAS is pumped by the 800 nm amplifier. Thus the wavelengths of the signal and 

the idler follow the relation: 1/ 800 nm = 1/λ(signal) + 1/λ(idler). The TOPAS outputs the highest 

power at 1320 nm and decreases over the spectral range of 1320 nm – 1600 nm. 

 

Properties of the laser system delivering the fundamental driving pulse are crucial to the 

stability and coverage of HHG. The output of the TOPAS defines the fundamental driving 

frequency. It is highly dependent on the beam mode and pulse duration out of the Spitfire amplifier. 
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The Spitfire amplifier utilizes the stretching-regenerative amplification-compression scheme put 

forward by Mourou and Strickland.13 In this scheme, one optical element of particular importance 

is the compression grating. Its position largely determines the spectral coverage as well as pulse 

duration of the amplifier. Figure 2.1 is an example showing the spectrum before and after the laser 

beam hits the compression grating and the effect of rotating the grating by a small angle (<0.5̊).  It 

is very clear that a small angle of rotation will lead to loss or addition of spectral coverage and 

hence longer or shorter pulse duration. To ensure the broadest spectral coverage and the shortest 

pulse duration, it is important to rotate the compression grating so that the spectrum after the 

compression grating resembles the spectrum before. 

 

Figure 2.1 An example of the spectrum before and after the laser beam hits the compression 

grating and the effect of rotating the grating by a small angle (<0.5̊). The red line leads to 0.3 W 

of loss in TOPAS output power (signal+idler). 

 

(2) The beam out of the TOPAS is then focused by a lens into the homebuilt beamline 

consisting of multiple vacuum chambers outlined in Figure 2.214; the main parts are a differentially 

pumped semi-infinite gas cell15 filled with 700-2000 Torr of helium, a 100 nm thick aluminum 

filter that blocks the residual infrared beam and transmits the soft x-ray, a toroidal mirror (TM) to 

focus the soft x-ray, a flowing gas cell containing any target gas of interest, an extreme ultraviolet 
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(XUV)/soft x-ray diffraction grating (Hitachi 001-0659, 1200 lines/mm) with an incidence angle 

of 87̊ and a PIXIS charged-couple device (CCD) camera chip with 1340×400 pixels where each 

pixel occupies 20 microns. 

A 40-cm lens is chosen to focus the 1320 nm beam whose maximum average power 

generated by the TOPAS is 2.6 W. As the power decreases over longer wavelengths out of TOPAS, 

a lens with a shorter focal distance can be used to produce more peak intensity of the pulses, such 

as 30 cm, to achieve higher x-ray photon energies as shown in the following section. 

 

Figure 2.2 A schematic diagram of the homebuilt beamline. Adapted from reference 14. 

 

 

2.2.2.2 Experimental Parameters to Optimize for Best HHG Coverage and Flux  

 

(1) The quality of helium plays a significant role. The purer the helium gas is, the higher 

the HHG cutoff energy is. Two different purities of helium have been tested out under same 

experimental conditions, one with 99.995% (from Liquid Air) and one with 99.999% (from Praxair) 

and the results are demonstrated in Figure 2.3. It is very clear that the 99.999% helium gas produces 

higher HHG flux as well as higher cutoff energy. 
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Figure 2.3 The effect of helium gas purity in high harmonic generation where two different purities 

of He have been used. This demonstrates that the purer the gas is, the higher the HHG cutoff energy 

is. 

 

(2) According to the cutoff equation, the cutoff energy is related to the driving frequency 

where the higher photon energy cutoff favors longer driving wavelengths. While longer 

wavelengths from the TOPAS are delivered with lower intensity, a lens with shorter focal distance, 

i.e. 30 cm has been used to compensate for this factor. This changes the overall focusing condition 

and in turn phase matching. Therefore different helium pressures have been used to find the highest 

cutoff energy that can be achieved with each combination of lens and wavelength. Figure 2.4 

compares the highest photon energy under each condition. With a fundamental frequency of 1320 

nm, the highest HHG cutoff is ~310 eV while with 1470 nm, the highest cutoff is ~350 eV. The 

cutoff approaches 390 eV when the driving frequency is 1570 nm. This result clearly shows that 

by tuning to longer driving frequency, the HHG cutoff energy is significantly extended. 
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Figure 2.4 The different high harmonic generation cutoffs that can be achieved with different 

combinations of lens, fundamental driving laser frequency and helium pressure. This shows that 

the longer the driving frequency is, the higher the cutoff energy will be, following the energy cutoff 

equation. 

 

2.3   The Pump – Ultraviolet Source by Third Harmonic Generation (THG) 

For pump-probe experiments, the output of the 12 mJ pulses, 800 nm-centered, 1 kHz 

repetition rate, 35-fs from the Ti:Sapphire femtosecond laser is split into two branches in a 9:1 

ratio. The 10% branch is used to produce the third harmonic generation with two non-linear 

crystals to generate ultraviolet pulses. Two schemes have been tested out for third harmonic 

generation, one using Type II Barium Borate (BBO) crystal and the other using Type I BBO crystal 

which requires an additional waveplate. The two schemes are shown in Figure 2.5. With a 0.2 mm 

thick Type II BBO crystal, the highest UV pulse energy is 35 µJ while the 0.3 mm Type I BBO 

crystal boosts the UV pulse energy up to 100 µJ, opening up possibilities to study molecular 

behavior under strong UV field, e.g. multiphoton effects and strong field ionization. 16-17 The 

central wavelength from this third harmonic generator is tunable from 268.3 to 269.0 nm by 

changing the orientation of the BBO crystals. The bandwidth is ~1.8 nm as shown in Figure 2.6. 
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Figure 2.5 Two schemes of third harmonic generation. The left scheme uses a Type I BBO crystal 

for THG, which requires an additional wave plate (element d) and delivers 100 µJ maximum UV 

pulse energy. The right scheme uses Type II BBO crystal for THG and delivers 35 µJ maximum 

UV pulse energy. 

 

The ultraviolet (UV) pump beam is attenuated by an iris or a neutral density filter and 

focused by a 45-cm lens. The UV beam and the x-ray beam overlap in the sample gas cell at 

approximately 1 ̊. The delay between the two beams hitting the sample gas cell is controlled by a 

high precision Aerospace mechanical stage. After the sample gas cell, the two beams diverge. The 

XUV/soft x-ray beam propagates further to be diffracted by the grating while the UV beam hits a 

black beam blocker.  
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Figure 2.6 Characterization of the third harmonic generation by the Ocean Optics spectrometer. 

The central wavelength is tunable between 268.3 and 269 nm. The bandwidth is ~1.8 nm. 

 

Two titanium filters need to be used in this apparatus. One 200 nm thick Ti filter is used to 

block residual 266 nm so that it does not interfere with the XUV/soft x-ray signal on the CCD 

camera. The other 100 nm thick Ti filter is used to prevent the gas from the sample reservoir from 

contaminating the toroidal mirror. The HHG flux with and without the two titanium filters are 

compared in Figure 2.7.  
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Figure 2.7 Comparing the high harmonic generation flux with and without putting in the two 

titanium filters. 

 

 

2.4   Data Acquisition and Analysis Methods 

There are two types of spectra to be collected in this dissertation: static absorption spectrum 

and transient absorption spectrum.  

A static absorption spectrum is the absorption spectrum of the target gas itself without 

initiating any dynamics. To this end, only the x-ray probe is used to acquire this type of spectrum. 

A typical static absorption spectrum is recorded with one second of camera exposure time, using 

the spectrum without the target gas as a background. The resultant spectrum, typically averaged 

over 64 such sets (i.e. 64000 pulses in total with gas, 64000 without) for improved statistics, is 

then calculated according to the Beer-Lambert law where 

Absorbancetarget gas= -log
10

fluxx-ray(with gas)

fluxx-ray(without gas)
      Equation 2.2 
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A transient absorption spectrum is the absorption spectrum of the target gas with UV 

excitation at various delay times with respect to the soft x-ray beam. Therefore both the pump and 

the probe are used to acquire this type of spectrum and the delay time is controlled by a motorized 

stage that is accurate to within 1 fs. A typical transient absorption spectrum is recorded with one 

second of camera exposure time, using the absorption spectrum without the pump UV beam as a 

background. The change between the two yields a transient spectrum where 

∆Absorbancetarget gas,  delay timepoint= -log
10

fluxx-ray(with gas, with UV)

fluxx-ray(with gas, without UV)
   Equation 2.3 

Each delay time is usually repeated 32 times (i.e. 32000 pulses with UV, 32000 pulses 

without) and coadded for improved statistics. The acquisition time is about two hours for a total 

of 50 delay times. 

 

 

 

2.4.1 Energy Calibration and Determination of Spectral Resolution 

After the soft x-ray is dispersed by the diffraction grating onto the CCD camera, an energy-

to-pixel relation needs to be established in order to convert pixel numbers into correct photon 

energies. A raw image of the high harmonic generation spectrum (with 1320 nm, 40 cm lens) is 

demonstrated in Figure 2.8. Each column symbolizes photons of the same energy whereas the 

horizontal axis needs to be calibrated to the correct energy values. 

The dispersion of x-ray wavelength on a grating follows Equation 2.4 (derived from the 

grating dispersion equation18) where 𝐴0  is an offset term, 𝐵  is a scaling factor from pixel to 

distance and 𝛼 is the actual angle at which the x-ray hits the grating. 𝐴0, 𝐵 and 𝛼 are parameters 

to be fit using species with literature values. 

𝑃𝑖𝑥𝑒𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 = 𝐴0 − 𝐵 tan(
𝜋

2
− sin−1(sin 𝛼 −

1.4878

𝐸𝑛𝑒𝑟𝑔𝑦
))     Equation 2.4 

 

One such species is argon which has 2p→Rydberg state transitions in 240-260 eV. Using 

the transitions of 2p3/2→4s (at 244.4 eV), 2p3/2→3d (at 246.9 eV), 2p3/2→4d (at 247.7 eV) and 

2p1/2→3d (249.1 eV)19 a proper pixel-to-energy relation can be established, as shown in Figure 2.9 

after each column of pixel has been integrated. 
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Figure 2.8 A raw image of the high harmonic generation spectrum (with 1320 nm, 40 cm lens). 

Both vertical and horizontal axes are pixel numbers and the color denotes intensity (blue indicates 

no counts and yellow indicates large number of counts). Counts on pixels with same horizontal 

pixel number correspond to the same photon energy while each horizontal pixel needs to be 

calibrated using known species, such as argon. 

 

Transitions with known Lorentzian linewidths can also be used to determine the spectral 

resolution. Peak broadening in general results from the natural lifetime of the final state (as 

reflected in Lorentzian linewidth 𝑤𝐿) and the Gaussian broadening (𝑤𝐺) due to the Doppler effect 

of the measured species,20 dispersion capability of the diffraction grating and the pixel resolution 

of the CCD camera. The convolution of a broadened peak is given by Voigt function:21 

𝐼(𝐸) = 𝐼0 + 𝐴
2 ln 2

𝜋3/2

𝑤𝐿

𝑤𝐺
2 ∫

𝑒−𝑡2

(√4 ln 2
𝐸−𝐸𝑐

𝑤𝐺
−𝑡)2+(

𝑤𝐿
𝑤𝐺

√ln 2)2
𝑑𝑡

+∝

−∝
   Equation 2.5 

where 𝐼(𝐸) is the intensity at a certain energy, 𝐸 the energy, 𝐸𝑐 the peak center, 𝐼0 and 𝐴 

fitting parameters, 𝑤𝐿 the Lorentzian linewidth from literatures and 𝑤𝐺 the extrapolated spectral 

resolution. 

In argon, the 2p3/2→4s transition manifests itself as a single peak well separated from other 

transitions as shown in Figure 2.9 and has a well-documented lifetime.19 Therefore it has been 

used to determine the spectral resolution as in Figure 2.10 where the resolution has been 

determined to be 360 ± 20 meV after fitting. 

 The spectral resolution is strongly dependent on the grating of choice. The larger number 

of lines/mm the grating has, the higher spectral resolution it has. Two XUV/soft x-ray gratings 

have been utilized to verify the effect of grating on spectral resolution: Hitachi 0010-0660 (1200 

lines/mm, higher diffraction efficiency in XUV regime) and Hitachi 0010-0659 (2400 lines/mm, 

higher diffraction efficiency in soft x-ray regime). The spectral resolution can be improved to 240 

± 20 meV using Hitachi 0010-0659. But due to diffraction efficiency, the data acquisition time has 

to be extended to be five times longer. 
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Figure 2.9 A calibrated argon spectrum after using reported literature values19 to establish the 

pixel-to-energy relation.  



21 
 

 

Figure 2.10 The 2p3/2→4s transition observed in argon and fitted with the Voigt function using a 

Lorentzian linewidth of 121 meV.19 The spectral resolution is thus determined to be 360 ± 20 meV 

after fitting using the grating model (Hitachi 001-0660).  

 

2.4.2 Measurement of Temporal Resolution 

To determine the temporal resolution of this pump-probe apparatus, the ponderomotive 

shift in the Rydberg states in argon has been monitored with the soft x-ray probe in the presence 

of a moderately intense UV field with the peak intensity of 0.5-2×1012 W/cm2. As the shift scales 

linearly with respect to the UV field, the intensity of the shift directly maps out the cross correlation 

between the UV pump and soft x-ray probe and thus carries information of the temporal 

resolution.14 

A representative transient absorption spectrum of argon subjected to the UV field is shown 

in Figure 2.11. Four Rydberg transitions (2p3/2→4s, 2p3/2→3d, 2p3/2→4d and 2p1/2→3d) 

experience an apparent upward shift of ~0.2 eV. Table 2.2 summarizes the transitions with and 

without the UV field. By fitting the trace of each shift, the temporal resolution with this pump-

probe setup can be analyzed as in Figure 2.12.  
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The temporal resolution is influenced by the UV pulse duration as well as the HHG pulse 

duration. By changing the compression inside the amplifier, the delay stage inside the TOPAS and 

the delay stage in the third harmonic generator, the temporal resolution can be optimized to 90±10 

fs as shown in Figure 2.13. 

 

 

Figure 2.11 Temporal resolution measurement using the ponderomotive shift in Rydberg states in 

argon with a 30 µJ UV pulse energy focused with a 20 cm lens. Four transitions are observed with 

an apparent upward shift indicated by the orange-red lines around 244.6 eV, 247.2 eV, 247.8 eV 

and 249.3 eV. 
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Table 2.2 Rydberg transitions observed from argon 2p core levels with and without UV field. 

Transition Peak Position Without UV Peak Shift Position With UV 

2p3/2→4s 244.4 eV 244.6 eV 

2p3/2→3d 246.9 eV 247.2 eV 

2p3/2→4d 247.7 eV 247.8 eV 

2p1/2→3d 249.1 eV 249.3 eV 

 

In summary, a UV-pump HHG-probe apparatus has been implemented to perform core-

level spectroscopic study of radicals at carbon K edge with defined spectral and temporal 

resolution. Both the UV intensity and HHG coverage have been significantly improved, which 

paves the way for strong field dynamics as well as experiments at nitrogen K edge (~400 eV).  

 

 

 

Figure 2.12 Fitting of the temporal traces (i.e. lineout at the respective energy in Figure 2.11) 

observed in the upward shift in the 2p3/2→4s, 2p3/2→3d, 2p3/2→4d and 2p1/2→3d transitions in 

argon. 
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Figure 2.13 Optimized temporal resolution determined to be 90±10 fs using the shift in the 

2p3/2→4s transition in argon. The UV beam has a pulse energy of 30 µJ and is focused with a 45 

cm lens. 
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Chapter 3. Core-Level Spectroscopic Studies of Halogenated 

Radicals – CH2Cl and CH2Br 

 

3.1  The Electron-Withdrawing Effect in CH2Cl 

The content and figures in this section are reprinted or adapted with permission from Zheyue Yang , Kirsten 

Schnorr, Aditi Bhattacherjee, Pierre-Louis Lefebvre, Michael Epshtein, Tian Xue, John F. Stanton, and 

Stephen R. Leone, “Electron-Withdrawing Effects in the Photodissociation of CH2ICl To Form CH2Cl 

Radical, Simultaneously Viewed Through the Carbon K and Chlorine L2,3 X-ray Edges,” Journal of the 

American Chemical Society, 2018, 140(41), 13360, Copyright 2018 ACS Publications 

 

3.1.1  Introduction 

Radicals, characterized by partially filled orbitals, have triggered much interest due to their 

transient nature and ubiquitous role in chemical reactivity. Halogenated radicals, in particular, are 

common intermediates and byproducts in combustion and atmospheric processes and constitute an 

important subgroup that has been given significant attention over the last decades.1-2 As one of the 

most representative radicals of this kind, CH2Cl radical has been proposed, with various 

mechanisms, to be an inhibitor in the combustion of chlorinated fuels3, an origin of soot formation4, 

as well as a key to stratospheric processes such as ozone depletion5, in addition to marine 

decomposition where boundary aqueous layers react with these radicals to a non-negligible extent.6 

It is fundamental to explore the electronic structures and energetics of these transient species, 

which are usually difficult to capture in reactions. 

Ultrafast laser techniques, especially transient absorption spectroscopy, provide a robust 

way to study short-lived reaction intermediates. Selective bond-breaking, made possible by 

photodissociation at a specific wavelength, produces desirable transient species in a consistent 

fashion. In particular, the C-I bond, known to dissociate at approximately 270 nm, can be utilized 

to form specific radicals from iodine-containing organic molecules.7 Furthermore, transient 

absorption spectroscopy, as opposed to electron or ion spectroscopy, is capable of detecting not 

only charged species, but also neutral ones, thus allowing studies of the altered electronic structure 

resulting from neutral dissociation or ionization. Recent progress toward core-level spectroscopy 

centered on the carbon K edge demonstrates the power of using x-ray spectroscopic techniques to 

study the dynamics and the electronic structures of transient species.8-10  

The UV spectrum of CH2ICl, like other C-I containing molecules, has a characteristic A 

band absorption corresponding to the electronic transition from the localized nonbonding iodine 

atomic orbitals n(I) to the σ*(C-I) molecular orbital.7, 11-13 The potential energy surface of CH2ICl 

resembles that of CH3I where the 3A’ state (equivalent to the 3Q0 state in CH3I but with a lower 

symmetry) is excited at ~270 nm and leads to a major channel dissociating into CH2Cl and I*(2P1/2) 

and a minor one into CH2Cl and I(2P3/2) by passage through a conical intersection, both of which 

take place within 150 fs.12  In the pump-probe experiment here, a 266 nm-pump pulse is used to 

first initiate the C-I bond cleavage of CH2ICl and broad band soft x-ray pulses then probe the 

electronic structure of the product CH2Cl by transient absorption spectroscopy. The transient 
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radical species is thus characterized from the perspectives of both the carbon and the chlorine 

atoms by spectroscopic investigations on their core-shell transitions (1s and 2p, respectively). 

As the iodine atom departs the parent CH2ICl molecule and CH2Cl is formed, the primary 

effect on the carbon atom as well as a secondary effect on the chlorine atom are captured 

simultaneously through shifts in the core-to-valence transitions. Iodine, as a strongly electron 

withdrawing element, significantly impacts the oxidation state of the carbon atom by bonding, 

which is reflected in a shift of the carbon core level. The molecular geometry will also 

accommodate the departure of iodine, allowing more space for carbon-chlorine bonding, 

strengthening the C-Cl bond and consequently changing the valence orbital energy levels. Chlorine, 

while not directly affected by the electronegativity of iodine, experiences this change through the 

valence bonding and antibonding orbitals. Since both the carbon and chlorine core-level transitions 

couple to the same *(C-Cl) antibonding orbital, these energy shifts upon going from the closed 

shell molecule to the radical are obtained directly in the experiment and corroborated by electronic 

structure calculations. 

 

3.1.2  Experimental Method 

The apparatus to generate the pump pulse of 266 nm and broadband x-ray probe pulse has 

been described in the previous chapters.8-9 In brief, the output of a 12 mJ per pulse, 800 nm-

centered, 1 kHz repetition rate, 35-fs Ti:Sapphire femtosecond laser is split into two branches in a 

9:1 ratio. The 10% branch is used to produce third harmonic generation with two non-linear 

crystals to generate ultraviolet pulses centered at around 266 nm. The other 90% is used as a pump 

for a tunable traveling-wave optical parametric amplifier of superfluorescence (TOPAS), which is 

tuned to output infrared light at 1320 nm with a pulse energy of 2.5-2.8 mJ. These near infrared 

pulses are subsequently focused by a 40-cm lens into a semi-infinite gas cell filled with 750-800 

Torr of helium to emit soft x-ray light ranging from 150 eV to 300 eV through the high harmonic 

generation (HHG) process. The residual infrared light is blocked by a 100 nm thick aluminum 

filter whereas the soft x-ray radiation is transmitted and further focused by a toroidal mirror. The 

266 nm ultraviolet (UV) pump beam is attenuated by a neutral density filter and focused by a 45-

cm lens where the pulse energy can be adjusted between 10-30 µJ and the pump intensity between 

2-5×1011W/cm2. The soft x-ray and the UV beam overlap at an angle of approximately one degree 

within a flowing gas cell containing the CH2ICl sample purchased from Sigma-Aldrich and used 

at ~60 °C (vapor pressure ~150 Torr, entire gas line heated) after freeze-pump-thaw degassing. 

The soft x-ray beam is transmitted by the gas cell, diffracted by an x-ray grating onto a charged-

couple device (CCD) camera chip with 1340×400 pixels and the UV beam is blocked by a 100 nm 

thick titanium filter after the gas cell to prevent pump scattering. 

A static absorption spectrum of a target gas is recorded with one second of camera exposure 

time and with the soft x-ray beam only, using the spectrum without the target gas as a background. 

The resultant spectrum of the parent molecule CH2ICl, averaged over 64 such sets (64000 pulses 

in total with gas, 64000 without) for improved statistics, is then calculated according to the Beer-

Lambert law where: 

Absorbancetarget gas= -log
10

fluxx-ray(with gas)

fluxx-ray(without gas)
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A transient absorption spectrum is recorded with one second of camera exposure time with 

both the pump UV and the probe soft x-ray beam, the delay time between which is controlled by 

a motorized stage to include 50 time points in between -300 fs (x-ray preceding UV) and 1000 fs 

(UV preceding x-ray), using the absorption spectrum without the pump UV beam as a background. 

The change between the two yields a transient spectrum where 

∆Absorbancetarget gas,  delay timepoint= -log
10

fluxx-ray(with gas, with UV)

fluxx-ray(with gas, without UV)
 

and averaged over at least 32 such sets (32000 pulses with UV, 32000 pulses without UV at each 

time delay point) for statistics, which takes typically two hours for 50 points overall. 

The energy scale for all spectra are calibrated using known core-to-valence transitions in 

argon14, carbon disulfide15-16 and methyl iodide17. The spectral resolution is determined to be 

360±20 meV by the Gaussian broadening of the 2p3/2→4s transition in argon to match the observed 

spectra, assuming the core-hole lifetime broadening is 120 meV.14 The temporal resolution is 

estimated to be 90±10 fs based on the ponderomotive shift of the 2p3/2→4s transition in argon.9  

The core-level excited states of CH2ICl and CH2Cl are calculated with the techniques of 

coupled-cluster theory. For CH2ICl, which has a closed-shell ground state, excitation energies are 

obtained with the EOM-CCSD* method,18-19 in conjunction with the SFX2C-1e treatment of 

relativistic effects20-22 (which are important in the treatment of core-level processes, even in the 

carbon atom) with relativistic atomic natural orbital basis sets (ANORCC23) of triple-zeta quality, 

truncated to 5s4p2d1f on Cl, 7s6p4d2f1g on I, 4s3p2d1f on C and 3s2p1d on H.24 Oscillator 

strengths are also obtained with the same basis sets and SFX2C-1e, but only at the CCSD level. 

For the CH2Cl radical, the x-ray excitation energy is computed by taking the difference between 

the ground state energy and the excited state energy, the latter being calculated using EOMIP-

CCSDT theory25 using the CH2Cl anion as the reference state. The SFX2C-1e treatment of 

relativistic effects and the basis sets listed above were again used. All calculations are performed 

with the CFOUR program suite24 in the frozen-core approximation, in which all electrons lower in 

energy than the carbon 1s and chlorine 2s orbitals are omitted from the correlation part of the 

calculation. In addition, all calculations are performed at geometries optimized at the MP2 level 

with the SFX2C-1e treatment and the basis sets listed above. 

 

3.1.3 Results and Discussion 

 
3.1.3.1 Static Soft X-Ray Absorption Spectra of CH2ICl 

Figures 3.1(a) and (b) show representative static absorption spectra of CH2ICl at the carbon 

K (1s) edge and the chlorine L2,3 (spin-orbit split 2p1/2 and 2p3/2) edges, respectively, acquired as 

described earlier. To our knowledge, no Cl L edge or C K edge absorption spectra of CH2ICl have 

been reported and assignments are based on peaks observed in similar halogenated molecules 

(CH3Cl and CH3I) and complementary computations shown in Tables 3.1 and 3.2. 

In the carbon K edge region, peaks A and B are separated by 1.6 eV, which is the same 

difference between the reported values for the C(1s) → σ*(C-I) transition in CH3I and the C(1s) 

→ σ*(C-Cl) transition in CH3Cl from electron scattering studies.17 However, peaks A and B are 
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~1 eV blue shifted from the C(1s) → σ*(C-I) in CH3I and the C(1s) → σ*(C-Cl) in CH3Cl, 

respectively. This leads to the assignment of peak A to the C(1s) → σ*(C-I) and peak B to the 

C(1s) → σ*(C-Cl) in CH2ICl. The 1 eV shifts from the monohalomethanes are understood as the 

additional electron withdrawing effect from the central carbon atom because there are two halogen 

atoms instead of one, making the carbon atom more electron deficient and leading to a stronger 

Coulomb attraction between the nucleus and the carbon 1s electrons. The energy thus required to 

excite an electron from the carbon core level to valence antibonding orbitals is increased by 1 eV. 

Additionally, based on the equation of motion coupled-cluster theory (EOM-CCSD) from which 

predictions of peak positions and oscillator strengths convoluted with spectral resolution as well 

as orbital pictures are shown in Table 3.2, peak A displays a C-I antibonding nature whereas peak 

B signifies C-Cl antibonding and peaks C and D C-H antibonding. Peak separations match 

extremely well with the experimental data although the absolute energies from the computations 

are in general 0.3-0.4 eV higher. Similar relative shifts with respect to the respective 

monohalogenated methanes suggest that the antibonding character is preserved in CH2ICl.  

In comparison, peaks E and F observed at the chlorine L3 (2p3/2) and L2 (2p1/2) edges, 

respectively, are very close to the values of the excitation energies of Cl 2p → σ*(C-Cl) transitions 

observed in CH3Cl, CH2Cl2, CHCl3 and CCl4,
26-28 as listed in Table 3.1. This highlights the well-

known sensitivity of the x-ray absorption spectrum to the localized oxidation state of the reporter 

atom, as the oxidation state of carbon is significantly more greatly changed upon additional 

halogenation than the neighboring halogen atoms. The 1.7 eV difference between E and F is 

consistent with the Cl 2p inner shell spin-orbit splitting observed in these species. The population 

ratio of the two spin-orbit components is not following the degeneracy factor (2:1) possibly due to 

multiplet effects which in particular occurs at soft x-ray edges where these core orbitals can overlap 

with valence orbitals, as reported by de Groot.29 Peak G and I constitute another spin-orbit pair, 

which may correspond to transitions to higher lying Rydberg states (such as 4s), according to 

previous literature.26-28 A weak and broad feature, observed as peak H, remains unassigned at 

present. 



30 
 

 

Figure 3.1 Static absorption spectra of CH2ICl at the (a) carbon K edge and (b) chlorine L2,3 edges 

where the orange dash lines are Gaussian fits to the peaks, the red solid lines summation of all the 

fitted peaks, the shaded blue area is computational results convoluted with instrumental spectral 

resolution and the core-hole lifetime from Alagia et al30 and scaled with respect to the experimental 

absorbance and the blue solid line the extrapolated background (due to core photoionization). The 

actual core-hole lifetime may be different. Additionally, the experimental peaks can be broadened 

due to vibronic coupling. The spectral resolution reported here is not able to resolve these fine 

details and the theoretical ones only compute the transitions from the electronic ground state to the 

ground core-hole state. Peaks A-F are assigned as in Table 3.1. An overview across the whole 

spectral range is shown in Figure 3.2.  
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Figure 3.2 An overview of the CH2ICl absorption spectrum across the whole spectral range to 

demonstrate the overall absorption structure. Figure 3.1(a) and (b) zoom into the 284-292 eV and 

the 199-207 eV respectively. 

 

 

Table 3.1 Assignments of spectral features observed at C K edge and Cl L2,3 edges of CH2ICl.a 

Peak Exptl. Energy 

(eV) 

Exptl. Ref. Energy (eV) (Ref. 

Molecule) 

Assignment 

A 286.6 ± 0.1 285.6 (CH3I)
17 C(1s) → σ*(C-I) 

B 288.2 ± 0.1 287.3 (CH3Cl)17 C(1s) → σ*(C-Cl) 

C 289.1 ± 0.1 - C(1s) → σ*(C-H) 

D 290.0 ± 0.1 - C(1s) → σ*(C-H) 

E 200.6 ± 0.1 200.8 (CH3Cl), 200.8 (CH2Cl2), 

200.6 (CHCl3), 200.5 (CCl4)
26-28 

Cl(2p3/2) → σ*(C-Cl) 

 

F 202.3 ± 0.1 202.4 (CH3Cl), 202.9 (CH2Cl2), 

202.4 (CHCl3), 202.4(CCl4)
26-27 

Cl(2p1/2) → σ*(C-Cl) 

 

a The numbers are averaged Gaussian fitting results of three such representative spectra reproduced on different 

days. The errors are one standard deviation from these three spectra convoluted with Gaussian fitting errors. 
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Table 3.2 Absorption of CH2ICl at the carbon K edge based on EOM-CCSD* calculations. 

Peak A B C D 

Energy 286.9 eV 288.5 eV 289.5 eV 290.4 eV 

Oscillator  

Strength 
0.029 0.045 0.014 0.023 

Orbital 

    
 

To summarize, by promoting an electron from one of the core orbitals to one vacant valence 

orbital, core-level spectroscopy not only offers information about the energy difference between 

core shell and valence shell, but also the relative difference among the valence orbitals. 

 

 

3.1.3.2 Transient Absorption Spectra of CH2ICl: Formation of CH2Cl Radical as a 

Photodissociation Product 

Representative transient absorption spectra of CH2ICl obtained as mentioned earlier and 

integrated at long delay time points between 400 fs and 1000 fs are shown in Figure 3.3. CH2ICl 

is known to have a C-I bond dissociation timescale of 100-150 fs,12-13 as verified by the temporal 

dependence of the features shown in Figure 3.4. Hence at 400 fs, long after the photodissociation 

is complete, the spectra reflect absorption of the photodissociation products and depletion of the 

parent molecule. Positive-going features represent new species that occur when UV light excites 

and dissociates CH2ICl and negative features indicate changes in the static spectrum when the 

CH2ICl molecules are depleted by UV excitation.  

 

 

 

 

 

 

 

 

 

 



33 
 

 

 

Figure 3.3 Transient absorption spectra of CH2ICl at the (a) carbon K edge where the orange lines 

are deconvoluted Gaussian peaks and the red line summation of all the fitted peaks and (b) chlorine 

L2,3 edges. The blue lines are reference zero lines. 
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Figure 3.4 Temporal dependence of peak J, which is fit with an exponential rise convoluted with 

a 90-fs instrumental response. The photodissociation is complete after ~150 fs. The spectra at 

intermediate delay times (50-150 fs) greatly resemble the spectra at the asymptotic limit but with 

less intensity. Results from 400 fs to 1000 fs are averaged to get electronic structures of the 

product. The spectrum is obtained 32 times in situ with data taken at all the delay time points and 

co-added. The whole acquisition time is about 2 hours in total.  

 

A new strong positive feature in the carbon K edge region at 282.8±0.1 eV, peak J, is 

observed and accompanied by two broad shoulder features M and N at ~284 eV. CH2ICl 

photodissociation at 266 nm is dominated by direct dissociation when an iodine 5p electron is 

promoted to the σ*(C-I) orbital, leading to electronically repulsive states and photodissociation 

products of CH2Cl and I or I*.12 Along the photodissociation coordinate, the σ*(C-I) orbital is 

broken into nonbonding I 5p and C 2p orbitals. Peak J is thus attributed to the transition of C(1s) 

→ C(2p) in the CH2Cl radical, as the C 2p orbital of the radical is singly occupied. According to 

the calculations outlined earlier, this core to the singly occupied molecular orbital (SOMO) 

transition occurs at 282.8 eV strongly resembles a carbon 2p orbital, perfectly matching the 

experimental observations. It is worth noting that this transition is 1.5 eV higher in energy than the 

C(1s) → C(2p) transition observed in CH3
30 and this difference of 1.5 eV can be rationalized by 

the electron withdrawing effect of chlorine on the carbon atom. The result is also consistent with 

the 1.5 eV difference found in the carbon 1s ionization potentials between CH4 (290.8 eV) and 

CH3Cl (292.3 eV) reported in the x-ray photoelectron spectroscopy literature.26-27  
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Features M and N are determined to be related to non-linear (multiphoton) absorption 

processes. The dependence of both peaks on the UV power, in comparison with peak J, are 

demonstrated in Figure 3.5, where the log of peak intensity is plotted versus the UV excitation 

power. Peak J results in a slope of 0.9±0.1 whereas M and N have to a slope of 2.8±0.2 and 2.9±0.4 

respectively, a sign of multiphoton processes.31 One possible source of M and N is ionization of 

CH2ICl, which requires three photons.32 Upon ionization, one electron will be ejected from one of 

the valence bonding orbitals and these fully occupied orbitals will become half-filled. Peaks M 

and N could represent absorptions to these half-filled bonding orbitals, and thus they are at lower 

energies than peaks A and B in the static absorption spectrum (Figure 3.1), which results from 

absorptions to antibonding orbitals. Dissociative ionization could also be a possibility,33 but at this 

time we are not able to make a definitive assignment of peaks M and N.  

 

Figure 3.5 Power dependence studies of peaks J, M and N with respective log-log linear fits. 

While peak J results from linear absorption leading to photodissociation into the CH2Cl radical, 

peaks M and N have a slope close to 3, an indicator of multiphoton effects. 

 

Turning to the negative-going features, peak O matches the position of peak A in Figure 

3.1. As the C-I bond is broken when CH2ICl photodissociates at 266 nm, this depletion corresponds 

to the removal of the C(1s) → σ*(C-I) absorption of the parent molecule after the photodissociation 

process is complete. More intriguingly, negative features, peaks P at carbon and Q and R at 

chlorine also show up around the positions of C(1s) → σ*(C-Cl) and Cl(2p) → σ*(C-Cl), 

respectively (i.e. peaks B, F and G, respectively). The n(Cl) → σ*(C-Cl) transition leading to C-

Cl bond cleavage occurs at ~170 nm, which should only contribute to a very minor portion of this 

depletion.11 Changes in the C(1s), Cl (2p)→σ*(C-Cl) transition energies, however, are highly 
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likely, given that the reactant, CH2ICl, and the product, CH2Cl, exhibit changing electronic 

configurations of the carbon atom, which would perturb the energy levels of carbon 1s, chlorine 

2p as well as σ*(C-Cl), as a result.  

 

Figure 3.6 A representative spectra used to obtain an added back spectrum such as Figure 3.7; 

only a moderate UV power is used (15-20 µJ) and ion signals (M at ~284.0 eV and N at ~284.7 

eV) are suppressed. Peak N completely disappears, while there is only a small contribution from 

Peak M. 

 

In order to determine the exact shifts of the C(1s), Cl(2p3/2), Cl(2p1/2) → σ*(C-Cl) 

transitions, proportions of a static parent molecule spectrum are added back to the transient 

absorption spectrum (where only a moderate UV power is used so that the ion features M and N 

are suppressed as demonstrated in Figure 3.6) to obtain a pure spectrum of the photodissociation 

products; the added back spectral result is shown in Figure 3.7. The proportions are controlled so 

that the area around peak A approaches a baseline level, as no transition of C(1s) → σ*(C-I) from 

the parent molecule should be observed in the product.  
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Figure 3.7 The summation of Figure 3.1 and Figure 3.3 spectra, respectively, with controlled 

proportion so that the signal corresponding to the C(1s)→σ*(C-I) transition in CH2ICl is removed 

to the baseline level, which reveals the pure absorption spectrum of the photodissociation product, 

CH2Cl, taken at low UV pump intensity so that the ion spectral features are minimized, at the (a) 

carbon K edge and (b) chlorine L2,3 edges where the blue line is the extrapolated background and 

the red lines are peak fits. Peaks J, S-V are assigned in Table 3.3. 

 

In the added back spectrum, peaks S and T become visible at the carbon K edge in the 

spectrum of the CH2ICl photodissociation product. Peak S is assigned as C(1s) → σ*(C-Cl) of the 
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CH2Cl radical; as removing the iodine atom from CH2ICl will make the carbon nucleus less 

positively charged, hence more repulsive to the core electrons, the energy needed to promote 

electrons from the core level is decreased. Comparing to peak B, peak S is red shifted by 0.8 eV, 

similar to the energy difference for the C(1s) → σ*(C-Cl) transition between CH3Cl and CH2ICl, 

as demonstrated earlier in Table 3.1. Peak T is likely a blue-shifted version of peak C or a red 

shifted version of D, depending on the exact mixing nature of the Rydberg orbitals, which needs 

to be verified by further theoretical calculations.  

Turning to the chlorine L3,2 window, peaks U and V differ by ~1.8 eV, close to the spin-

orbit splitting between Cl3/2 and Cl1/2 in CH2ICl, and these peaks are assigned as Cl(2p3/2) → σ*(C-

Cl) and Cl(2p1/2) → σ*(C-Cl), respectively. They are blue shifted by ~0.6 eV from peaks E and F. 

Another two shoulder features labeled W and X, also split by ~1.8 eV, resemble the Rydberg states 

G and I in Figure 1, also blue shifted. The C-Cl bond distance is shortened when the radicals are 

produced,34-39 indicating a stronger C-Cl bond in the radical and thus greater absorption energies 

to σ*(C-Cl). While the iodine atom departs the dihalomethane molecule, the electron density 

withdrawn by the iodine atom is given back to the carbon atom and possibly also the chlorine atom, 

which could have resulted in a lower halogen core binding energy and red shifted Cl(2p1/2, 3/2) → 

σ*(C-Cl) resonances. The blue shift shows that shift in the valence bonding orbital is greater than 

the core shift in the chlorine atom, in contrast to the situation at the carbon atom.  

 

Table 3.3 Summary of spectral features associated with CH2Cl.a 

Peak Exptl. Energy (eV) Assignment 

J 282.8 ± 0.1 C(1s) → C(2p) 

S 287.4 ± 0.2 C(1s) → σ*(C-Cl) 

T 289.8 ± 0.3 C(1s) → σ*(C-H) 

U 201.2 ± 0.3 Cl(2p3/2) → σ*(C-Cl) 

V 203.0 ± 0.3 Cl(2p1/2) → σ*(C-Cl) 

a Peak positions are reported as the average of at least three trials on different days and the error is one standard 

deviation of those trials convoluted with Gaussian fitting errors. 

 

Transitions from multiple core shells are captured simultaneously in this experiment, in 

this case to a common antibonding orbital in the radical, as summarized by the energies in Table 

3.3 and the scheme drawn in Figure 3.8. When CH2ICl photodissociates into CH2Cl at 266 nm, the 

C-Cl bond is strengthened, associated with a shift (ΔEσ*) in the valence σ*(C-Cl) orbital, reflected 

in the blue shift of the Cl(2p1/2, 3/2) → σ*(C-Cl) transitions. Meanwhile, the red shift in the C(1s)→ 

σ*(C-Cl) transition signifies that the shift in the carbon 1s core energy (ΔEC) due to disappearance 

of the electron withdrawing effect from iodine is larger than the shift in σ*(C-Cl), i.e. ΔEC - ΔEσ* 

= ~0.8 eV. 
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Figure 3.8 Schematic diagram of the molecular orbitals involved in the parent molecule CH2ICl 

and the product CH2Cl radical where C(1s)→σ*(C-Cl) is red shifted and Cl(2p)→σ*(C-Cl) blue 

shifted going from CH2ICl to CH2Cl. 

 

 

3.1.4  Conclusion 

Ultrafast core-level transient absorption spectroscopy combined with a selective bond 

breaking UV source has allowed the capture of transient radical species. As an example, 

photodissociation of CH2ICl into CH2Cl has been studied at both the carbon K edge and chlorine 

L2,3 edge. The CH2Cl radical produced from the CH2ICl photodissociation at 266 nm is 

characterized by a prominent new carbon 1s→2p feature at 282.8±0.1 eV. The difference in the 

SOMO between the CH3 and the CH2Cl radical is explained by the electron withdrawing effect of 

chlorine. Removal of an iodine atom also changes the oxidation state of the carbon atom, well 

reflected in the absorption spectra of CH2ICl and CH2Cl at the carbon K edge, a manifestation of 

valence electrons screening core electrons. In contrast, it imposes only a secondary impact on the 

chlorine core where the changes in the valence antibonding orbital and shorter C-Cl bond distance 

govern the core-to-valence transitions in chlorine. This paves the way for further studies on 

radicals where various types of radicals can be produced by selective bond breaking and 

substitution or stabilization effects on the SOMO and other valence orbitals can be quantified. 
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3.2  The π Bonding Effect in CH2Br 

3.2.1  Introduction 

Halogenated radicals are known for their anomalously short carbon-halogen bonds 

compared to their closed-shell analogues.40 This has been attributed to the back-bonding effect 

between the carbon 2p and the outermost p shell of halogens, which together form a partial π bond. 

The heavier the halogen is, the more prominent is this partial bonding effect, due to the 

polarizability of the outermost p shells of halogens. Based on previous theoretical studies,31, 41-42 a 

simple molecular orbital diagram with π bonding is illustrated in Figure 3.9, using the CH2Br 

radical as an example, where the atomic carbon 2p forms a partial π bond with one of the bromine 

4p orbitals. 

 

Figure 3.9 Molecular orbital picture to show the π bonding effect in the CH2Br radical. The SOMO 

takes on the character of a π* orbital formed by the 2p of C and the 4p of Br. Adapted from 

reference 31.  
 

In the simplest radical, CH3, the SOMO (singly occupied molecular orbital) is dominated 

by a 2p orbital localized on the carbon atom.43 In contrast, in halogenated radicals, the SOMO can 

become the half-filled π*(carbon-halogen) orbital. It is debatable whether the SOMO in CH2Cl is 

purely atomic 2p in character or consists of π bonding, while calculations agree the SOMO in 

CH2Br is an antibonding orbital formed by bromine 4p and carbon 2p with the most contribution 

from carbon 2p.36, 41-42 Therefore the energy difference between a localized 2p orbital and the half-

filled π*(carbon-halogen) orbital, indicated by the blue arrow in Figure 3.9, directly gives the 

strength of π bonding in a halogenated radical. Literature is available to characterize the bond 

distance in such radicals and to compute the bonding nature.34, 36-37, 40-42 However, to our 

knowledge, there is no direct experimental evidence of how strong this effect can be. 

Core-level spectroscopy at the carbon K edge, favoring transitions from carbon 1s to any 

p character orbital, by selection rules, is inherently advantageous in probing SOMOs in radicals. 

This has already been demonstrated in the case of CH2Cl where the carbon 1s → SOMO transition 

is intense and well separated from other higher lying σ character orbitals. Consequently, this 

technique can be easily extended to study other halogenated radicals, such as CH2Br, which can 

quantify the π bonding effect. 

The preceding section has shown the capability of selective bond breaking to produce 

targeted radicals by utilizing the A band photodissociation of iodides. CH2ICl photodissociation 

yields the CH2Cl radical. Similarly, photodissociation of CH2IBr can be used to yield the CH2Br 

radical. However, the broad bands leading to C-I bond and the C-Br bond breaking occur at 
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relatively closer wavelengths, i.e. at 270 nm and 210 nm, respectively.13, 31 The photodissoication 

of CH2IBr at 267 nm into CH2Br is thus accompanied by a small portion (20%31) of CH2I.  

 

 

3.2.2  Experimental Method 

The experimental method resembles the one described in section 3.1.2. The CH2IBr sample 

is purchased from Sigma-Aldrich and used at ~80 °C (vapor pressure ~100 Torr, entire gas line 

heated). The 266 nm ultraviolet (UV) pump beam is attenuated by an iris and focused by a 45-cm 

lens, where the pulse energy can be adjusted between 10-30 µJ and the pump intensity between 2-

5×1011W/cm2. 

A static absorption spectrum of a target gas is recorded with one second of camera exposure 

time and with the soft x-ray beam only, using the spectrum without the target gas as a background. 

The resultant spectrum of the parent molecule CH2IBr, averaged over 64 such sets (64000 pulses 

in total with gas, 64000 without) for improved statistics. 

Absorbancetarget gas= -log
10

fluxx-ray(with gas)

fluxx-ray(without gas)
 

A transient absorption spectrum is recorded with one second of camera exposure time with 

both the pump UV and the probe soft x-ray beam, the delay time between which is controlled by 

a motorized stage to include 50 time points in between -300 fs (x-ray preceding UV) and 1000 fs 

(UV preceding x-ray), using the absorption spectrum without the pump UV beam as a background. 

The change between the two spectra yields a transient spectrum where 

∆Absorbancetarget gas,  delay timepoint= -log
10

fluxx-ray(with gas, with UV)

fluxx-ray(with gas, without UV)
 

and averaged over at least 32 such sets (32000 pulses with UV, 32000 pulses without UV at each 

time delay point) for statistics, which takes typically two hours for 50 time delay points overall. 

 

 

3.2.3 Results and Discussion 

3.2.3.1 Static soft x-ray absorption spectra of CH2IBr 

Figure 3.10 shows a representative static absorption spectrum of CH2IBr at the carbon K 

(1s) edge. To our knowledge, no C K edge absorption spectra of CH2IBr have been reported and 

assignments are based on peaks observed in similar halogenated molecules (CH3Br and CH3I) 

shown in Table 3.4. 

Peaks a and b are separated by 0.8 eV, close to the difference between the reported values 

for the C(1s) → σ*(C-I) transition in CH3I and the C(1s) → σ*(C-Br) transition in CH3Br from 

electron scattering studies.17 This leads to the assignment of peak a to the C(1s) → σ*(C-I) 

transition and peak b to C(1s) → σ*(C-Br) in CH2IBr. Additionally, peaks a and b are ~0.9 eV 

blue shifted from the C(1s) → σ*(C-I) in CH3I and the C(1s) → σ*(C-Cl) in CH3Br, respectively. 
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Similar to the case of CH2ICl, the ~0.9 eV shifts from the monohalomethanes are understood as 

the additional electron withdrawing effect from the central carbon atom because there are two 

halogen atoms instead of one. 

In summary, by promoting an electron from one of the core orbitals to various vacant 

valence orbitals, core-level spectroscopy provides insights into the relative difference among the 

valence orbitals.  

 

Figure 3.10 Static absorption spectrum of CH2IBr at the carbon K edge where the orange dashed 

lines are Gaussian fits to the peaks and the red solid line is the summation of all the fitted peaks. 

Peaks a-d are assigned as in Table 3.4.  

 

Table 3.4 Assignments of spectral features observed at C K edge of CH2IBr. 

Peak Exptl. Energy (eV) Exptl. Ref. Energy (eV) (Ref. 

Molecule) 

Assignment 

a 286.3 ± 0.1 285.6 (CH3I)17 C(1s) → σ*(C-I) 

b 287.5 ± 0.1 286.5 (CH3Br)17 C(1s) → σ*(C-Br) 

c 288.8 ± 0.1 - C(1s) → σ*(C-H) 

d 289.8 ± 0.1 - C(1s) → σ*(C-H) 
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3.2.3.2 Transient Absorption Spectra of CH2IBr: Formation of CH2Br Radical as a 

Photodissociation Product 

 

A representative transient absorption spectrum of CH2IBr obtained as mentioned earlier 

and integrated at long delay time points between 350 fs and 1000 fs are shown in Figure 3.11. 

CH2IBr is known to have a C-I bond dissociation timescale of 100 fs,13, 31 as verified by the 

temporal dependence of the features shown in Figure 3.12. Hence at 350 fs, long after the 

photodissociation is complete, the spectrum reflects absorption of the photodissociation products 

and depletion of the parent molecule. According to previous photodissociation studies, 80% of the 

products is CH2Br + I/I* and 20% CH2I + Br/Br*. Therefore at the carbon K edge, the 

photofragment that can be observed is dominated by CH2Br.  

A new strong positive feature in the carbon K edge region at 282.6±0.1 eV, peak e, is 

observed and accompanied by a weaker feature, peak f, at ~284.2 eV. Peak e is attributed to the 

transition of C(1s) → SOMO in the CH2Br radical, as the SOMO of the radical is singly occupied 

and its p orbital character strongly favored by selection rules, whether it is an atomic 2p orbital or 

a partial π bond. There is a small shoulder on the left of peak e, which might be the signature of 

C(1s) → SOMO in the CH2I radical. However, this remains to be reproduced with improved 

spectral resolution. Experiments done at higher UV powers as shown in Figure 3.13 suggest that 

peak f and another feature, peak g (at ~283.7 eV, which shows up only at high UV powers), result 

from multiphoton effects, possibly ionization of CH2IBr. 

Peak e, the C(1s) → SOMO transition, is 1.3 eV higher in energy than the C(1s) → C(2p) 

transition observed in CH3.
30 This difference of 1.3 eV can be partially explained by the electron 

withdrawing effect of bromine on the carbon atom.  There is a 1.0 eV difference in the carbon 1s 

ionization potential (IPs) between CH4 (290.8 eV) and CH3Br (291.8 eV) reported in the x-ray 

photoelectron spectroscopy literature,27 which indicates that the mere electron withdrawing effect 

will lead to a 1.0 eV difference in the C(1s) → SOMO transition between CH3 and CH2Br. The π 

bonding effect in CH2Br can thus be quantified, i.e. the rest the 0.3±0.1 eV difference is caused  

the π bonding effect in CH2Br. 
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Figure 3.11 Transient absorption spectra of CH2IBr at the carbon K edge where the orange lines 

are deconvoluted Gaussian peaks and the red line is the summation of all the fitted peaks. The blue 

line is the reference zero line. Positive-going features represent new species that occur when UV 

light excites and dissociates CH2IBr and negative features indicate changes in the static spectrum 

when the CH2IBr molecules are depleted by UV excitation.  
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Figure 3.12 Temporal dependence of peak e, which is fit with an exponential rise convoluted with 

a 90-fs instrumental response. The photodissociation is complete after ~150 fs.  
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Figure 3.13 Experiments done at various UV powers to power dependence of peaks e, f and g. 

The legend denotes the UV power used in each experiment. The blue line is the zero reference line. 

This shows that peak e results from linear absorption, leading to photodissociation into the CH2Br 

radical, while peaks f and g result from multiphoton effects, possibly ionization of the parent 

molecule CH2IBr. 

 

Comparing to the case of CH2Cl where the difference in the C(1s) → SOMO transition 

between CH3 and CH2Cl (1.5 eV) is very close to the difference in the carbon 1s IP between CH4 

(290.8 eV) and CH3Cl (292.3 eV), this result also suggests that the SOMO peak position observed 

in CH2Cl is largely atomic carbon 2p orbital, with the possibility of the π bonding effect embedded 

in its broad structure. Figure 3.14 compares the relative positions of the molecular orbitals across 

the three radicals. The electron withdrawing effect changes the ionization potential of the central 

carbon, thus affecting the state where the 1s electron is excited from. On the other hand, the π 

bonding effect impacts the valence orbital, in particular the SOMO, and takes control over the state 

where the 1s electron will be excited to. 
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Figure 3.14 Molecular orbitals of CH3, CH2Cl and CH2Br, separating the electron-withdrawing 

and the π bonding effects. The π bonding effect is not clearly observed in the CH2Cl radical and 

thus the SOMO is dominated by an atomic carbon 2p orbital. The core 1s orbital is shifted due to 

the electron withdrawing effect (1.5 eV). The SOMO in CH2Br is attenuated by the π bonding (0.3 

eV) and the core 1s orbital is shifted by 1.0 eV due to the electron-withdrawing effect. 

 

Turning to the negative features, peaks h and i are close to the position of peaks a and b, 

respectively, in the static absorption spectrum of CH2IBr. This indicates that the C(1s) → σ*(C-I) 

and the C(1s) → σ*(C-Br) transitions in CH2IBr are depleted. Peak a is depleted as the C-I bond 

breaking is the major photodissociation pathway at 267 nm. There are two reasons why peak b is 

depleted: (1) the C-Br bond is broken because of the minor photodissociation pathway; (2) the 

C(1s) → σ*(C-Br) transition in the CH2Br radical is different from that in CH2IBr, similar to the 

shift of the C(1s) → σ*(C-Cl) transition in the case of CH2ICl photodissociating to CH2Cl. On the 

other hand, the relative ratio of peaks h and i differs from that of peaks a and b, hinting the possible 

presence of other transitions overlapped with depletion of peaks a and b. To recover hidden 

transitions, a proportion of the static absorption spectrum (i.e. Figure 3.10) is added back to the 

transient absorption spectrum (i.e. Figure 3.11). The proportion is controlled so that the baseline 

in the 285-290 eV region is close to the baseline in the 280-285 eV region, which is shown in 

Figure 3.15. 

Three new features show up in the added back spectrum, peaks j, k and l. It is worth 

cautioning that the transient absorption spectrum (Figure 3.11) is not free of ion signals, so all 

these peaks could possibly correspond to the transitions to higher lying states in CH2IBr+. This 

adding back technique is not as accurate in the high UV power schemes as it is in the low UV 

power ones, since the baseline cannot be easily determined. By comparing the results at Br M4,5 

edges where the Br(3d5/2)→π*(C-Br) and Br(3d5/2)→σ*(C-Br) transitions in CH2Br differ by ~3 

eV, peak j at 285.8 eV, which is also ~3 eV away from the C(1s)→π*(C-Br) transition at 282.6 

eV, could possibly be understood as the C(1s)→ σ*(C-Br) transition in CH2Br. On the other hand, 

peak k is ~0.9 eV away from peak b, the C(1s)→σ*(C-Br) transition in the parent molecule CH2IBr. 
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As seen in the case of CH2ICl, removal of the iodine atom causes a ~0.8 eV shift in the 

C(1s)→σ*(C-Cl) transition from the parent molecule to the radical. Therefore peak k could also 

be a candidate for the C(1s)→σ*(C-Br) transition in CH2Br. Peak m could be a shifted peak c or 

an ion peak. Experiments in ion-free conditions (i.e. with low UV power and high signal-to-noise 

ratio) need to be repeated and computational efforts made in order to confirm the peak assignments.  

 

Figure 3.15 The summation of Figure 3.10 and Figure 3.11, with a controlled proportion so that 

the baseline level in the 285-290 eV region is close to that in the 280-285 eV region. Based on this 

proportion, about 14% of the parent molecules are excited in this photodissociation process. The 

blue line corresponds to the baseline level. 

The peak assignments from the transient absorption spectrum and the added back spectrum 

are summarized in Table 3.4. 

Table 3.4 Assignments of spectral features observed after photodissociation of CH2IBr. 

Peak Energy (eV) Transition 

e 282.6 C(1s) → SOMO in CH2Br 

f 284.2 CH2IBr+ 

g 283.7 CH2IBr+ 

j 285.8 C(1s) → σ*(C-Br) in CH2Br / CH2IBr+ 

k 286.6 C(1s) → σ*(C-Br) in CH2Br / CH2IBr+ 

l 288.3 C(1s) → σ*(C-H) in CH2Br / CH2IBr+ 
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Comparison with experimental results at the other edges not only guides the peak 

assignments at the carbon K edge, but also puts forward intriguing questions. Table 3.5 

recapitulates the transitions in CH2IBr and CH2Br observed at Br M4,5 edges.31 By inspecting the 

transitions within the same species, e.g. CH2Br, the difference between σ*(C-Br) and π*(C-Br) 

observed at bromine M5 edge is found to be similar to that observed at the carbon K edge (if peak 

j is taken as the C(1s) → σ*(C-Br) transition). However, when comparing the results across 

different species at different edges, the orbital difference is not conserved, e.g. the difference 

between C(1s)→σ*(C-Br) in CH2IBr (peak b, 287.5 eV) and C(1s)→π*(C-Br) (peak e, 282.6 eV) 

are ~5 eV apart whereas Br(3d5/2)→σ*(C-Br) in CH2IBr (70.5 eV) and Br(3d5/2)→π*(C-Br) in 

CH2Br (68.5 eV) are only ~2 eV apart, where there is a non-negligible gap. This implies the two 

atomic cores are differently impacted during the photodissociation reaction. One obvious factor to 

explain this gap is the electron withdrawing effect, which influences the carbon core significantly, 

but the bromine core to a much less degree. Nevertheless pure electron withdrawing effect will 

lead to a 1-2 eV shift as seen consistently in the preceding sections. Other factors play a role but 

are yet to be investigated by high-level calculations. 

 

Table 3.5 Summary of transitions observed in CH2IBr and CH2Br at Br M4,5 edges 

Species Transition Energy (eV) 

CH2IBr Br(3d5/2)→σ*(C-Br) 70.5 

CH2IBr Br(3d3/2)→σ*(C-Br) 71.5 

CH2Br Br(3d5/2)→π*(C-Br) 68.5 

CH2Br Br(3d3/2)→π*(C-Br) 69.5 

CH2Br Br(3d5/2)→σ*(C-Br) ~71.5a 

a Due to spectral limit in this study, this peak is only an approximate position; the Br(3d5/2)→σ*(C-Br) in CH2Br 

is also beyond the limit and thus not observed. 

 

3.2.4  Conclusion 

Photodissociation of CH2IBr into CH2Br observed at the carbon K edge elucidates the 

strength of the π bonding effect in halogenated radicals. By comparing the carbon 1s→SOMO 

transitions in CH3, CH2Cl and CH2Br, the π bonding effect is quantified to be ~0.3±0.1 eV in 

CH2Br and not clearly observed in CH2Cl. This showcases the capability of core-level 

spectroscopy at the carbon K edge in identifying substitution and stabilization effects on the 

SOMO. Aided by the experimental results at bromine M4,5 edges, this study also suggests how 

different atomic cores might be impacted differently in a given chemical reaction, thus affecting 

the relative difference observed among valence orbitals across different species. 
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Chapter 4. Core-Level Spectroscopic Studies of Alkyl 

Substituted Radicals – The Methyl, Ethyl, Isopropyl and 

Tert-Butyl Radical 

 

4.1  Introduction 

Radicals, characterized by partially filled orbitals, i.e. singly occupied molecular orbital 

(SOMO), have triggered much interest due to their transient nature and ubiquitous role in chemical 

reactivity.1-4 Methyl substituted radicals represent the simplest class of radicals. From a planar 

geometry in the methyl radical (·CH3) to a slightly non-planar geometry in the tert-butyl radical,5 

the increasing stability due to factors such as hyperconjugation and resonance6 has invoked 

research into their structures, molecular orbitals, ionization energies and valence absorption 

spectra.5-9 Results on radicals are often convoluted with higher-lying states in the valence shell and 

complications within ionic states that could be nearby. Nevertheless it is crucial to resolve how the 

SOMOs of the radicals are changed by substitution from a fundamental perspective. Core-level 

spectroscopy, with its element specificity and sensitivity to chemical environment, will provide 

such insights. Recent progress toward core-level spectroscopy centered on the carbon K edge 

demonstrates the power of using x-ray spectroscopic techniques to study the dynamics and the 

electronic structures of transient species.10-12  As core-level transitions involve both core and 

valence orbitals, employing core-level spectroscopy to substituted radicals will demonstrate the 

impact of substitution on both core orbitals and valence shells. 

Moreover, ultrafast laser techniques, especially transient absorption spectroscopy, provide 

a robust way to study short-lived reaction intermediates. Selective bond-breaking, made possible 

by photodissociation at a specific wavelength, produces desirable transient species in a consistent 

fashion. In particular, the C-I bond, known to dissociate at approximately 270 nm, can be utilized 

to form specific radicals from iodine-containing organic molecules. Figure 4.1 shows the uniform 

broad absorption bands across different iodides.13-16 With ultraviolet (UV) radiation centered at 

260-270 nm, one electron is promoted from the non-bonding iodine 5p orbital to a σ*(C-I) 

antibonding orbital, leading to repulsive states and photodissociation into a radical and an iodine 

atom or its spin excited counterpart.17-18 Therefore to study a series of alkyl-substituted radicals, a 

series of alkyl substituted iodides is used as the parent molecules of photodissociation as listed in 

Table 4.1. 

Combining core-level spectroscopy at the carbon K edge and transient absorption 

techniques, i.e. core-level transient absorption spectroscopy, various radicals can be studied at the 

carbon K edge to understand their fingerprints in core-to-valence transitions. 



54 
 

 

Figure 4.1 Ultraviolet absorption spectra of various iodides.13-16 The uniform broad band 

absorption peaking at 260-270 cm corresponds to the A band photodissocation leading to radical 

production. 

 

Table 4.1 Summary of alkyl substituted iodides and the radicals to be produced through 

photodissociation. 

Parent Molecule Radical Chemical Formula 

Methyl iodide Methyl ·CH3 

Ethyl iodide Ethyl ·CH2CH3 

Isopropyl iodide Isopropyl ·CH(CH3)2 

Tert-butyl iodide Tert-butyl ·C(CH3)3 

 

 

4.2  Experimental Method 

The apparatus to generate the pump pulse of 266 nm and broadband x-ray probe pulse has 

been described in the previous chapters. In brief, the output of a 12 mJ per pulse, 800 nm-centered, 

1 kHz repetition rate, 35-fs Ti:Sapphire femtosecond laser is split into two branches in a 9:1 ratio. 
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The 10% branch is used to produce third harmonic generation with two non-linear crystals to 

generate ultraviolet pulses centered at around 266 nm. The other 90% is used as a pump for a 

tunable traveling-wave optical parametric amplifier of superfluorescence (TOPAS), which is tuned 

to output infrared light at 1320 nm with a pulse energy of 2.5-2.8 mJ. These near infrared pulses 

are subsequently focused by a 40-cm lens into a semi-infinite gas cell filled with 750-800 Torr of 

helium to emit soft x-ray light ranging from 150 eV to 300 eV through the high harmonic 

generation (HHG) process. The residual infrared light is blocked by a 100 nm thick aluminum 

filter whereas the soft x-ray radiation is transmitted and further focused by a toroidal mirror. The 

266 nm ultraviolet (UV) pump beam is attenuated by an iris and focused by a 45-cm lens where 

the pulse energy can be adjusted between 10-30 µJ and the pump intensity between 2-5×1011 

W/cm2. The soft x-ray and the UV beam overlap at an angle of approximately one degree within 

a flowing gas cell containing the methyl iodide, ethyl iodide, isopropyl iodide or tert-butyl iodide 

sample purchased from Sigma-Aldrich (vapor pressure 50~100 Torr) after freeze-pump-thaw 

degassing. The soft x-ray beam is transmitted by the gas cell, diffracted by an x-ray grating onto a 

charged-couple device (CCD) camera chip with 1340×400 pixels and the UV beam is blocked by 

a 100 nm thick titanium filter after the gas cell to block pump scattering. 

A static absorption spectrum of a target gas is recorded with one second of camera exposure 

time and with the soft x-ray beam only, using the spectrum without the target gas as a background. 

The resultant spectrum of the parent molecule averaged over 64 such sets (64000 pulses in total 

with gas, 64000 without) for improved statistics, is then calculated according to the Beer-Lambert 

law where: 

Absorbancetarget gas= -log
10

fluxx-ray(with gas)

fluxx-ray(without gas)
 

 

A transient absorption spectrum is recorded with one second of camera exposure time with 

both the pump UV and the probe soft x-ray beam, the delay time between which is controlled by 

a motorized stage to be at 1000 fs (UV preceding x-ray), using the absorption spectrum without 

the pump UV beam as a background. The change between the two yields a transient spectrum 

where 

∆Absorbancetarget gas,  delay timepoint= -log
10

fluxx-ray(with gas, with UV)

fluxx-ray(with gas, without UV)
 

and averaged over at least 32 such sets (32000 pulses with UV, 32000 pulses without UV at each 

time delay point) for statistics. 

The energy scale for all spectra are calibrated using known core-to-valence transitions in 

argon and allyl radical. The spectral resolution is determined to be 360±20 meV by the Gaussian 

broadening of the 2p3/2→4s transition in argon19 to match the observed spectra, assuming the core-

hole lifetime broadening is 120 meV. The temporal resolution is estimated to be 90±10 fs based 

on the ponderomotive shift of the 2p3/2→4s transition in argon.  

The core ionization potentials and valence ionization energies are all computed by 

Katherine Oosterbaan in Professor Martin Head-Gordon’s group at University of California, 

Berkeley using time-dependent density functional theory (TDDFT) with the cc-pcvdz basis set20 

and the SRC1-R1 functional.21-27 
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4.3   Results and Discussion 

 
4.3.1 Static Soft X-Ray Absorption Spectra of Methyl Iodide, Ethyl Iodide, Isopropyl 

Iodide and Tert-Butyl Iodide 

Representative soft x-ray absorption spectra of methyl iodide, ethyl iodide, isopropyl 

iodide and tert-butyl iodide at the carbon K edge are shown in Figure 4.2, 4.3, 4.4 and 4.5, 

respectively. The absorption spectrum of methyl iodide is available in the literature for comparison 

where peak 1 at 285.6 ± 0.1 eV is assigned to the C(1s)→σ*(C-I) transition, peak 2 at 287.8 ± 0.1 

eV to the combination of C(1s)→6sa1 and/or C(1s)→σ*(C-H) and peak 3 at 288.9 ± 0.1 eV to the 

combination of C(1s)→6pe and 6pe+v(C-H).28-29 The peak positions are well aligned with literature 

values, which verifies the accuracy of energy calibration. As the functional group attached to the 

iodine atoms gets more substituted, the number of bonds, molecular orbitals and hence possible 

core-level transitions also increases. Therefore it is diagnostic to inspect the C(1s)→σ*(C-I) 

transition in different iodides in order to gain a perspective into substitution effects on the central 

carbon. 

 

Table 4.2 Summary of the C(1s)→σ*(C-I) transitions and the calculated C 1s ionization potentials 

(IPs) of the iodides. 

Molecule C(1s)→σ*(C-I) 
Computed IP of the central 

carbon by TDDFT 

Methyl Iodide 285.6 ± 0.1 eV 293.3 eV 

Ethyl Iodide 285.7 ± 0.1 eV 293.2 eV 

Isopropyl Iodide 285.8 ± 0.1 eV 293.0 eV 

Tert-Butyl Iodide 286.0 ± 0.1 eV 293.2 eV 

 

 Based on the similarity of the iodides, peaks 4, 5 and 6 are assigned to the C(1s)→σ*(C-I) 

transitions in ethyl iodide, isopropyl iodide and tert-butyl iodide, respectively. Table 4.2 

summarizes the energy at which each transition occurs. The peaks in methyl and ethyl iodide are 

fit with Gaussian functions as they are fairly separated from the onset of core photoionization. 

However, in the case of isopropyl iodide and tert-butyl iodide, the peaks are convoluted with core 

photoionization whose onset is not obvious. Therefore only the peak positions are reported in Table 

4.2. 

 Comparing the positions of the C(1s)→σ*(C-I) transitions across the iodides, there is a 

small shift toward higher energy as the central carbon is more substituted. However, as the peaks 

in isopropyl iodide and tert-butyl iodide are both riding on the carbon 1s photoionization whose 

onset is yet to be determined, they can be slightly overestimated in their energies. Based on the 

experimental values in Table 4.1, methyl substitution will lead to a shift of at most 0.1 eV/methyl 

group. Additionally, the TDDFT computations on the carbon 1s ionization potentials show that 

there is indeed a very small difference across the series of methylsubstituted iodides. To our 

knowledge, there are no experimental results on the core ionization potentials of these iodides for 

comparison other than methyl iodide (291.8 eV)28-29, so the computed carbon 1s ionization 
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energies might be 1.5 eV higher than the experimental ones and only the relative difference across 

the species should be used for comparison. 

 

 

 

 

Figure 4.2 Static absorption spectrum of methyl iodide at the carbon K edge. The orange dash lines 

represent Gaussian fits to the peaks and the green solid line is the summation of all the fitted peaks. 
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Figure 4.3 Static absorption spectrum of ethyl iodide at the carbon K edge. The orange dash lines represent 

Gaussian fits to the peaks and the green solid line is the summation of all the fitted peaks. 
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Figure 4.4 Static absorption spectrum of isopropyl iodide at the carbon K edge. Peak 5, the peak 

corresponding to the carbon 1s→SOMO transition is convoluted with core photoionization whose 

onset is yet to be determined and thus the peak is not fitted. 
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Figure 4.5 Static absorption spectrum of tert-butyl iodide at the carbon K edge. Peak 6, the peak 

corresponding to the carbon 1s→SOMO transition is convoluted with core photoionization whose 

onset is yet to be determined and thus the peak is not fitted. 

 

4.3.2 Transient Absorption Spectra of Methyl Iodide, Ethyl Iodide, Isopropyl Iodide and 

Tert-Butyl Iodide Under UV Radiation 

Representative transient absorption spectra of methyl iodide, ethyl iodide, isopropyl iodide 

and tert-butyl iodide at the carbon K edge are shown in Figure 4.6, 4.7, 4.8 and 4.9, respectively. 

Positive-going features represent new species that occur when UV light excites and dissociates the 

parent molecules and negative features indicate changes in the static spectrum when the parent 

molecules are depleted by UV excitation.  

A new strong positive feature in the carbon K edge region is observed at 281.4±0.1 eV 

(peak 7) in methyl iodide, 281.7±0.1 eV (peak 10) in ethyl iodide, 282.2±0.1 eV (peak 13) in 

isopropyl iodide and 282.6±0.1 eV (peak 16) in tert-butyl. Each peak is also accompanied with a 

weaker peak at higher energy (peaks 8, 11, 14, 17), which is assigned by studies at higher UV 

power (blue lines in Figure 4.7-10) to result from multiphoton effects, possibly ionization of the 

parent molecules. The values are summarized in Table 4.3. 
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Table 4.3 Summary of the C(1s)→SOMO transitions in the substituted radicals. 

Molecule C(1s)→SOMO 
Relative difference 

compared to ·CH3 

Methyl radical 281.4 eV ±0.1 0 eV 

Ethyl radical 281.7 eV ±0.1 0.3 eV 

Isopropyl radical 282.2 eV ±0.1 0.8 eV 

Tert-butyl radical 282.6 eV ±0.1 1.2 eV 
 

 The photodissociation of all the iodides shown here at 266 nm is dominated by direct 

dissociation when an iodine 5p electron is promoted to the σ*(C-I) orbital, leading to electronically 

repulsive states and photodissociation products of a radical and I or I*.30-32 Along the 

photodissociation coordinate, the σ*(C-I) orbital is broken into nonbonding I 5p and a new SOMO 

on the central carbon in the radical. Peaks 7, 10, 13 and 16 are thus attributed to the transition of 

C(1s) → SOMO in the methyl, ethyl, isopropyl, and tert-butyl radical, respectively. In methyl, the 

SOMO resembles the atomic carbon 2p orbital and the peak position reported here is very close to 

the result from CH3 radical produced from flash pyrolysis of azomethane (281.3 eV).33 The peak 

contains a vibrational sub-structure (on its right shoulder) that cannot be fully resolved with the 

current spectral resolution. All the C(1s) → SOMO transitions have an amplitude that is about 

twice as much as the depletion amplitude of the C(1s)→σ*(C-I) transitions (peaks 9, 12, 15 and 

18), which suggests that the SOMOs in the substituted radicals may retain strong p character. 

Based on the peak positions, the tert-butyl radical has a carbon 1s→SOMO transition 1.2 

eV higher than the methyl radical, which is in sharp contrast to the small shift in the carbon 

1s→σ*(C-I) transitions across the parent iodides. This poses an intriguing question on the 

character of the SOMOs as well as the carbon 1s orbitals, since a core-level transition involves 

both orbitals. 
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Figure 4.6 Transient absorption spectrum of methyl iodide under UV radiation. The black circles 

are the experimental values measured at a low UV power, the red line is the fit to the experimental 

peak and the blue dash line is the result at a much higher UV power. 
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Figure 4.7 Transient absorption spectrum of ethyl iodide under UV radiation. The black circles 

are the experimental values measured at a low UV power, the red line is the fit to the experimental 

peak and the blue dash line is the result at a much higher UV power. 
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Figure 4.8 Transient absorption spectrum of isopropyl iodide under UV radiation. The black 

circles are the experimental values measured at a low UV power, the red line is the fit to the 

experimental peak and the blue dash line is the result at a much higher UV power. 
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Figure 4.9 Transient absorption spectrum of tert-butyl iodide under UV radiation. The black 

circles are the experimental values measured at a low UV power, the red line is the fit to the 

experimental peak and the blue dash line is the result at a much higher UV power. 

 

Hyperconjugation is an effect that is well known to stabilize the radicals by conjugating 

neighboring σ(C-H) orbitals with the atomic 2p orbital, stabilizing σ(C-H) and destabilizing the 

carbon 2p orbital, as shown in Figure 4.10.6, 34 Thus the SOMOs of substituted radicals may be 

attenuated by such an effect and they will differ from a pure atomic 2p orbital. However, currently 

there is no good measure of how strong this effect is in modifying the orbital energy of a SOMO. 
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Figure 4.10 A schematic diagram showing the hyperconjugation effect. 

 

Traditionally, the stability of a radical is compared by the radical stabilization energy (RSE) 

given by:35 

RSEH[R·] = D[CH3–H] - D[R–H] or RSEEt[R·] = 1/2(D[CH3–CH3] - D[R–R])  

where RSEH and RSEEt are different reference standards to define stability and D represents the 

bond dissociation energy. The tert-butyl radical, which is the most stabilized radical in this series, 

has an RSEEt of 0.3 eV.35 This measure compares how much energy is released when a radical 

forms a new bond and is not conclusive about how much the frontier SOMO orbital is different 

from an atomic 2p orbital, since it is heavily dependent on the new bond that is being formed. 

On the other hand, by comparing the experimental valence ionization energy of the radicals 

where the methyl radical is measured at 9.84 eV and the tert-butyl radical at 6.7 eV,5 the SOMO 

energy can possibly vary dramatically across the series, up to 2.1 eV from the methyl to the tert-

butyl radical, although these ionization energies are complicated by the structures in the ionic states. 

The C(1s)→SOMO transitions could be taken as a new way to measure the stabilization of 

the SOMO compared to the reference methyl radical. However, there are several limitations in 

directly drawing conclusions on the strength of hyperconjugation in modifying the SOMO. Two 

such factors are the Franck-Condon principle between the ground state and the core state and 

vibrational excitation from photodissociation. 

As previous other studies have shown, there can be vibrational structure hidden in the broad 

peak shape of the radical, e.g. in the case of methyl radical, the right shoulder of the main peak is 

broadened due to a vibrational progression on the core excited state and the energy gap between 

the two vibrational bands has been resolved to be 0.4 eV in a previous study.36 Therefore a 

broadening due to Franck-Condon overlaps is likely possible for substituted radicals and the peak 

position could correspond not to 0→0 transitions, but some other higher vibrationally core excited 

states, as the peak shapes in the substituted radicals, especially in the isopropyl and the tert-butyl 

radical, are not symmetric and visibly broadened on the left shoulder, as compared in Figure 4.11.  
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  Figure 4.11 A comparison of the peak shapes of all the substituted radicals. 

 

Apart from the Franck-Condon principle, there is also the possibility that the radicals 

produced from photodissociation carry vibrational excitation, which has been demonstrated in 

previous studies where a methyl radical produced from 266 nm photodissociation of methyl iodide 

can be excited into an umbrella motion.37-38 As the series progresses toward more substituted 

radicals, there are more vibrational modes available and there is significant energy left in internal 

excitation after photodissociation.30-31 These vibrational modes can possibly change the overlap 

between the ground state and the core-excited state, impacting the observed peak positions. Further 

theoretical investigations on the vibrational modes of the radicals produced from photodissociation 

along with their core-excited states would be required in order to deconvolute these effects. 

Nevertheless, the TDDFT computations on the vertical core ionization energies and the 

vertical valence ionization energies (as shown in Table 4.4) can possibly give another explanation 

to the difference observed in the C(1s)→SOMO transitions. As shown in Figure 4.12, assuming 

the ionic state from the valence ionization and from the core ionization are close in the structure, 

the C(1s)→SOMO transition can be approximated as the difference between the valence vertical 

ionization energy and core vertical ionization energy. Using this method, as Table 4.4 shows, the 

relative difference across the series is very close to the experimental values (Table 4.3). The 



68 
 

TDDFT computations on the valence ionization energies are very similar to the experimental 

values mentioned earlier, although in general 0.2 eV lower, which shows that the SOMO is greatly 

affected by methyl substitution. Moreover, in contrast to the core ionization energies computed in 

the parent molecules as in Table 4.2 where there is only a small shift across various substituted 

iodides, radicals are also much more affected by the energy value of the core orbitals due to 

substitution. The two changes, combined together, make up the overall difference in the 

C(1s)→SOMO transitions. 

 

Table 4.4 Summary of the carbon 1s ionization potentials (IP) and valence ionization potentials in 

the substituted radicals using the TDDFT methods. 

Molecule C 1s IP Valence IP Core IP - Valence IP 
Relative difference 

compared to ·CH3 

Methyl Radical 293.8 eV 9.6 eV 284.2 eV 0 eV 

Ethyl Radical 293.2 eV 8.4 eV 284.8 eV 0.4 eV 

Isopropyl Radical 292.7 eV 7.6 eV 285.1 eV 0.9 eV 

Tert-Butyl Radical 292.5 eV 7.0 eV 285.5 eV 1.1 eV 

 

 

 

Figure 4.12 A schematic diagram to show a potential way to calculate the C(1s)→SOMO 

transitions using the core ionization and the valence ionization energies. 

 

 

4.4     Conclusions 

Methyl, ethyl, isopropyl and tert-butyl iodide have been used to produce the methyl, ethyl, 

isopropyl and tert-butyl radical through photodissociation at 266 nm and the SOMOs of the 

radicals have been probed from the carbon K edge. While substitution only induces a small shift 

in the characteristic C(1s)→σ*(C-I) transitions in the parent molecules, the C(1s)→SOMO 
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transitions demonstrate much more dramatic differences from the methyl to the tert-butyl radical. 

This difference could be understood as a convolution of an elevated SOMO by the 

hyperconjugation effect and vibrational excitation in the ground state or the core-excited state of 

the radicals. The TDDFT computations on the core ionization potentials show that while the parent 

molecules are only slightly affected by alkyl substitution (<0.3 eV), the radicals can be modified 

to a much greater degree in the core ionization potentials based on the TDDFT computations. The 

results point to new directions for core-level theoretical investigations. 
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