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Abstract 
 

The photochemical dynamics of various organic molecules in solution are investigated using 
ultrafast transient electronic and vibrational absorption spectroscopy to explore the effects 
of molecular structure and solvent environment on the photochemical reaction pathways.  
First, the influence of ring strain on photoinduced ring opening of cyclic ketones is revealed 
by using different excitation energies to reach the first excited electronic singlet (S1) states of 
cyclobutanone, cyclopentanone and cyclohexanone. The fraction of the excited state 
population undergoing ultrafast ring opening in <1 ps increased with greater ring strain in the 
cyclic ketones and with higher excitation energies, both of which help to overcome the energy 
barrier to C-C bond breaking. Furthermore, the lifetimes of the S1 states were found to be 
shorter for smaller ring sizes.  The excited-state dynamics of a photoexcited sunscreen 
molecule, diethylamino hydroxybenzoyl hexyl benzoate, were then studied in four different 
solvents. The competition between alternative relaxation pathways involving enol-keto 
tautomerization and central C-C bond twisting showed a clear solvent-dependence, with the 
former favoured in non-polar solvents, and the latter in polar and protic solvents. Moreover, 
the choice of solvent played a role in the ground-state recovery rate, and in the likelihood of 
populating the DHHB triplet states which could sensitise other molecules used in sunscreen 
formulations. Finally, progress is reported with an ongoing studying on phenyl cation 
generation from the photodissociation of chlorobenzene, motivated by new strategies for N2 
activation photochemistry.  The photoexcitation was performed in two solvents, cyclohexane 
and perfluorohexane. Transient absorption bands at wavelengths of 500 - 600 nm, prominent 
in the non-reactive perfluorohexane solvent, identified an intermediate species proposed to 
be a complex with charge-transfer character corresponding to a phenyl cation and a chloride 
anion.  Future work will seek further evidence for the chemical nature of the intermediate 
from transient IR spectroscopy.  
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 Chapter 1. Introduction  

 

This thesis presents the outcomes of research examining the ultrafast photochemical 

pathways in selected organic molecules: cyclic ketones, a sunscreen molecule, and 

chlorobenzene, all dissolved in organic solvents. The influences of the molecular structures 

and the solution environments on the photochemical pathways are investigated. The 

dynamics of the photochemistry are unravelled using transient absorption spectroscopy (TAS) 

with ~ 100 fs time resolution, combined with calculations of the ground and excited electronic 

state properties. This chapter introduces ultrafast photochemistry, the photochemical 

reactions of carbonyl compounds, the photochemistry of sunscreen molecules, the properties 

of the phenyl cation (posited to be a photoproduct of chlorobenzene), and the principles of 

transient absorption spectroscopy. 

 

 1.1 Ultrafast photochemistry and potential energy surfaces  

Modern ultrafast spectroscopy of photochemical pathways in molecules employs so-called 

pump-and-probe methods in which the evolution of excited state population generated by 

the pump pulse of light is monitored by probe pulses at various different time delays.   This 

strategy developed from the flash photolysis method of George Porter and Ronald Norrish, 

for which they were awarded a part of the Nobel Prize for Chemistry in 1967,1 and which 

initiated research into the kinetics of photochemical reactions occurring on microsecond 

timescales. Ahmed Zewail and coworkers pioneered the observation of femtosecond 

dynamics of wavepacket motion in the gas phase, for example for I2-Xe leading to formation 

of Xe-I, and Zewail was honored with the Nobel Prize for Chemistry in 1999.2, 3 At about the 

same time, Fleming and coworkers pioneered the observation of wavepacket motion of 

iodine in an n-hexane solution.4 Studies of ultrafast chemical dynamics in gases, liquids and 

solids have since multiplied, and various problems in molecular photochemistry such as 

dissociation, isomerization and charge/proton transfer have been investigated.5-11 

𝑖
𝜕

𝜕𝑡
Ψ(𝑅, 𝑟, 𝑡) = �̂�Ψ(𝑅, 𝑟, 𝑡) 

Equation 1-1 
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Chemical reactions involve changes of molecular geometries and energies, and are described 

quantum-mechanically by the time-dependent Schrödinger equations (Equation 1-1), where 

𝑅 and 𝑟 are coordinates of all the nuclei and electrons.  The molecular Hamiltonian, �̂�, 

includes operators for the nuclear kinetic energy (�̂�𝑁), the electron kinetic energy (�̂�𝑒), the 

Coulomb attraction of the nuclei and electrons (�̂�𝑁𝑒), and the electron-electron and nuclei-

nuclei Coulomb repulsions, (�̂�𝑒𝑒) and (�̂�𝑁𝑁) respectively. However, it is impossible to obtain 

an exact solution for any molecule consisting of three particles or more. Therefore, Born and 

Oppenheimer introduced an approximation to treat the nuclear and electronic motions 

separately because of the considerable mass difference between a nucleus and an electron,12 

so nuclei are considered to remain stationary on the timescales for electron motion. 

Therefore, the nuclear kinetic energy can be separated from the motion of the electrons, 

giving rise to an electronic Hamiltonian, �̂�𝑒 .  Under the Born-Oppenheimer (BO) 

approximation, the electronic time-independent Schrödinger equation (Equation 1-2) for an 

electronic state i can then be solved by treating the nuclear coordinates as parametric 

constants. In this expression, 𝐸𝑖(𝑅) is the electronic energy and depends on the assumed 

nuclear positions. Relative to the nuclear motions, the electrons move rapidly and adjust to 

the changes of nuclear coordinates essentially immediately, so the resulting time-

independent Schrödinger equation for nuclear motion is shown in Equation 1-3. The �̂�𝑁  

operator contains the nuclear kinetic energy and the electronic energy, and the total energy, 

𝐸𝑡𝑜𝑡, is the sum of translational, rotational, vibrational, and electronic energies. Solving 

Equations 1-3 and 1-2 can, respectively, obtain quantum information for the rotational and 

vibrational motions of a molecule, and the potential energy surfaces (PES) over which 

chemical reactions happen.  

The BO approximation, also known as the adiabatic approximation, is usually good when the 

motions of the electrons and nuclei are not coupled, but it breaks down when two or more 

states are coupled and energetically close. The coupling of two electronic states can provide 

a pathway between them known as a conical intersection (CI), and these features often 

�̂�𝑒𝜓𝑒,𝑖(𝑟; 𝑅) = 𝐸𝑖(𝑅)𝜓𝑒,𝑖(𝑟; 𝑅) 

Equation 1-2 

�̂�𝑁𝜙𝑁,𝑖(𝑅) = 𝐸𝑡𝑜𝑡𝜙𝑁,𝑖(𝑅) 

Equation 1-3 
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participate prominently in photochemical reactions such as photodissociation and non-

radiative relaxation after photoexcitation.13   These concepts of nuclear dynamics on PESs 

coupled via conical intersections are central to the work presented in this thesis.  The 

following sections provide some context by summarizing the known photochemistry of the 

classes of compounds examined, with further details provided in the introductory sections to 

Chapters 3 – 5.    

 
 1.2 Photochemistry of carbonyl compounds 

Carbonyl groups are common chromophores in organic molecule photochemistry, and 

feature prominently in the systems described in this thesis. The photochemistry of aldehydes 

and ketones was studied by Norrish et al., and they concluded that there were two types of 

photochemical reactions involving carbonyl functional groups.14-17  A Norrish type I reaction 

is α-cleavage in which a C-C α-bond (with respect to the carbonyl group) breaks homolytically 

into radicals, and is usually followed by CO elimination (Figure 1-1a). A Norrish type II process 

involves hydrogen abstraction from a γ-carbon followed by formation of a 1,4-biradical 

(Figure 1-1b).18-20  Moreover, the 1,4-biradical usually undergoes cleavage to enol and alkene 

products, or follows Yang cyclization adding a ring structure.21, 22  Because of the reactive 

radical products, Norrish reactions have been widely studied and used not only for synthesis 

but also for photoinitiation and photodegradation of polymers.23-27  In biochemistry, the 

radicals formed by Norrish reactions in RNA are studied to understand RNA reactivity and 

scission.28-31 Moreover, carbonyl compounds are present in the atmosphere of the Earth, and 

Norrish reactions can be triggered by solar radiation.32-36  Photoexcited carbonyl compounds 

can react with alkenes and undergo photocycloaddition (Figure 1-1c); this reaction is known 

as the Paternò-Büchi reaction, forming oxetanes, and has been developed for cancer 

treatment.37-39 In  Chapter 3, the photochemistry of cyclic ketones is studied with transient 

absorption spectroscopy, and since the γ-hydrogen of a cyclic ketone is not in the vicinity of 

the carbonyl group, the focus is on the Norrish type I reaction.   
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Figure 1- 1. Examples of photochemical reactions of carbonyl compounds. (a) Norrish type 

I reaction (b) Norrish type II reaction (c) Paternò-Büchi reaction. 

 

1.2.1 Norrish type I reaction 

The photochemistry of cyclic ketones involves two interesting aspects for photochemists: the 

initial Norrish type I bond-cleavage and the consequent ring opening dynamics leading to 

isomeric photoproducts.  However, most prior studies have focused on acyclic ketones, with 

the photochemistry leading to two separate products that can be studied by spectroscopic or 

mass spectrometric methods. Norrish type I reactions were originally found to occur from the 

first excited triplet (T1) state because of a smaller barrier to C-C bond cleavage than in the first 

excited singlet (S1) state, but subsequent research has shown the availability of this pathway 

from the S1 state using femtosecond laser methods.15, 40, 41 The competition between two α-

bonds cleaving in asymmetric ketones such as methyl isopropyl ketone were studied  

computationally, and the energy barrier on the S1 state was found to be smaller for cleavage 

of the α-bond to the larger group.40, 42 The energy barrier along the α-bond extension 

coordinate seems to decrease with larger aliphatic groups.40  Taking methyl ethyl ketone 
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(CH3COC2H5) as an example, the energy barrier for the breaking methyl-propionyl (CH3 – 

COC2H5) bond is calculated to be 70.7 kJ mol-1 with TDDFT, whereas the barrier for breaking 

the ethyl-acetyl (CH3CO – C2H5) bond is 57.7 kJ mol-1,40 and it is consistent with experimental 

results that C2H5 is the favored photofragment of methyl ethyl ketone.42-44 The kinetics of 

photoexcited acetone in the gas phase were studied with time-resolved mass spectrometry 

by Zewail and coworkers, and they concluded S1 α-cleavage occurs on a nanosecond time 

scale when the excitation energy is lower than the barrier on the S1 state.40  

For cyclic ketones, the energy barriers to α-cleavage are dependent on the ring strain.40, 45, 46 

Norrish type I reaction of cyclic ketones is used in cyclopropane-containing enediynes as a 

photoinitiated drug with potential use for cancer therapy.47, 48 The ultrafast photochemistry 

of a series of cyclic ketones in solution, chosen for their different degrees of ring-strain, is 

studied and discussed in Chapter 3 of this thesis.  

 

1.2.2 Roaming mechanism 

The roaming mechanism in carbonyl photochemistry was first identified in the 

photodissociation of formaldehyde at excitation energies slightly above the barrier to C-H 

bond cleavage, and involves an unusual pathway that does not proceed over a well-defined 

transition state.49 When reaction passes over the tight transition state for direct H2 

elimination, the products are rotationally excited CO and vibrationally cold H2.50 On the other 

hand, the roaming mechanism can be thought of as a frustrated loss of an H-atom: instead of 

dissociating to H + HCO, the hydrogen atom is not completely ejected after photoexcitation, 

and instead wanders around the partner HCO until it abstracts the other hydrogen atom.  

These unusual dynamics result in rotationally cold CO and highly vibrationally excited H2.49, 50 

This mechanism does not go through a saddle point on the PES corresponding to a tight 

transition state. Subsequent experiments and dynamical simulations have revealed that this 

type of mechanism also arises in the photodissociation of acetaldehyde and acetone.51, 52  

 

 1.3 Photochemistry of sunscreen molecules 

In contrast to the photochemistry of carbonyl compounds, natural and artificial sunscreen 

molecules such as the compound studied in Chapter 4 of this thesis dissipate the excess 

energy from absorption of light without bond cleavage.  In this way, they avoid production of 

radicals which might damage living organisms.   Exposure to ultraviolet (UV) radiation from 
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the sun can help plants and animals to synthesis pre-vitamin D by electrocyclic ring-opening 

reaction,53-56 avoiding vitamin D deficiency which can encourage not only skeletal diseases 

but also some cancers.57-59  However, excessive UV exposure can cause skin issues from aging  

to sunburn and skin cancers.60-65 Therefore, application of a sunscreen with a proper amount  

of UV protection is recommended.  

 

After UV radiation absorption by the sunscreen, there are several pathways that can happen 

from the excited state to dissipate the absorbed photon energy. Population from the singlet 

excited state can go back to the ground state via fluorescence or non-radiative electronic and 

vibrational relaxation. Nevertheless, some excited molecules will form photoproducts instead 

of returning to the ground state. Moreover, molecules in the singlet excited state can undergo 

intersystem crossing to triplet states, the lowest in energy of which is generally long-lived 

because the decay pathways for molecules to emit a photon (phosphorescence) or 

 

Figure 1- 2. General scheme of photoexcited sunscreen molecule relaxation via a conical 

intersection between an excited electronic state and the ground state. Most of the 

population in the excited state returns to the original structure (green solid line) via a 

conical intersection, with only a small part of the population forming other photoproducts 

after passage through the conical intersection.  
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intersystem cross to the ground state requires a change in electron spin multiplicity. Since the 

T1 state usually has a longer lifetime than the S1 state of a molecule, the triplet-state energy 

can instead transfer between molecules, especially when there are other kinds of sunscreen 

molecules present in a blend.66 The resulting photosensitization is generally undesirable in 

sunscreen formulations because it may not safely quench the energy of the absorbed UV 

radiation. The mechanisms of sunscreen molecule function have been extensively studied 

with time resolved spectroscopy, and they often involve geometry changes along non-

radiative relaxation pathways, with dynamics that are solvent dependent.67 The rapid 

relaxation of a sunscreen is usually through a conical intersection between an excited state 

and the ground state, with most molecules returning to their ground state and only a small 

minority of other photoproducts formed (Figure 1-2).  The following sub-sections review some 

of the relaxation mechanisms identified for sunscreen molecules. 

 

 

1.3.1 Photoinduced cis-trans isomerization  

 Cinnamates: 

 

Figure 1- 3. (a) trans-octyl methoxycinnamate  (b) cis-octyl methoxycinnamate  (c) trans-p-

methoxy methyl cinnamate  (d) octocrylene  (e)  methyl 2-cyano-3,3-diphenylacrylate 
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Cinnamate derivatives such as octyl methoxycinnamate are commonly used as UVB 

absorbers.68 Octyl methoxycinnamate can have trans- and cis- forms (Figure 1-3a and b). The 

trans-isomer is more stable than the cis-isomer in nonpolar and polar solvents, but the cis- 

isomer can be formed after UV absorption.69-71 The calculated potential energy surfaces of a 

molecular sub-unit of octyl methoxycinnamate, p-methoxy methyl cinnamate (Figure 1-3c), 

suggest that there is a conical intersection from the S1 state to the ground state along the cis-

trans coordinate leading to the formation of the cis-form and the recovery of the trans-form.72 

In addition, the barrier between the CI and the S1 minimum decreases when adding a water 

molecule coordinated to the carbonyl of p-methoxy methyl cinnamate, and the energy gap 

between the S1 and S0 states in the CI region also narrows, suggesting hydration dramatically 

accelerates the nonradiative relaxation from the S1 state, consistent with experimental 

observations.72, 73 With transient electronic spectroscopy, the time constant of relaxation via 

the CI to the ground state of octyl methoxycinnamate is found to be ~1.1 ps in methanol, and 

the lifetime of the cis-isomer is more than 2 ns.74 Similarly, the PESs of a molecular component 

of octocrylene (Figure 1-2d), methyl 2-cyano-3,3-diphenylacrylate (Figure 1-3e), have been 

computed and suggest an ultrafast nonradiative excited state deactivation via a CI along the 

cis-trans coordinate on the S1 state, observed to occur in 2 ps.75, 76 

Camphor:  

 

Figure 1- 4. 4-Methylbenzylidene camphor in its (a) trans-(E) form and (b) cis-(Z) form. 

4-Methylbenzylidene camphor with a central carbon-carbon double bond has two isomers: 

cis-(Z) and trans-(E) shown in Figure 1-4. The (E)-isomer is more stable than the (Z)-isomer in 

the ground state, but it can convert to the (Z)-isomer after absorbing UVB radiation.77, 78 
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Computed PES show that there are two possible nonradiative relaxations of 4-

methylbenzylidene camphor because two bright excited states (S2 and S3) are energetically 

close.79 The first pathway is internal conversion from the photoexcited S3 state to the S2 state 

followed by another internal conversion to the S1 state, and the second pathway is 

intersystem crossing from the S3 state to the T2 state. Eventually, both pathways lead to the 

T1 state where an efficient crossing to the ground state occurs near the minimum of the T1 

state. After the crossing, some population returns to the (E)-isomer, and the rest of the 

population becomes the (Z)-isomer.79 Only weak phosphorescence and a low quantum yield 

for singlet oxygen production are observed,80 which is consistent with a predominantly non-

radiative relaxation pathway from the T1 to the S0 state.79 

 

1.3.2 Enol-keto tautomerization 

 Salicylates: 

 Salicylate compounds (Figure 1-5) have been widely used as UV absorbers for sunscreen 

products since the 1950s.68 To understand the relaxation mechanism of salicylates, the 

photochemistry of the subunit, methyl salicylate, has been studied, especially examining the 

dual fluorescence and excited state intramolecular hydrogen atom transfer from the enol 

form to the keto form.81-87 The fluorescence emission spectrum of methyl salicylate shows 

two peaks, one centred at 350 nm and the other at 450 nm. The peak at 350 nm is weaker in 

non-polar solvents than in polar solvent, whereas the peak at 450 nm is weaker in polar 

solvents than in non-polar solvents.88  It has been suggested that the emission at 350 nm is 

from the enol form which is the more stable structure in the ground state, and the emission 

at 450 nm is from the keto form after excited stated hydrogen transfer (ESHT). The barrier 

along the ESHT coordinate increases in polar solvents, hence a smaller population of the keto 

form emits at 450 nm.88, 89 ESHT of methyl salicylate in the gas phase has been studied with 

 

Figure 1- 5. Salicylates in the (a) enol form and (b) keto form.  
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femtosecond laser spectroscopy and computer simulations, and the ESHT on the S1 state can 

be completed within 100 fs.87, 90, 91 Following ESHT, the S1 keto form can relax to the S0 state 

via a CI, and the hydrogen transfer from the keto to enol tautomers is a barrierless process in 

the ground state so completes on a picosecond time scale.90, 92 With similar time constants 

observed by transient electronic absorption spectroscopy, the relaxation mechanism of 

homosalate in solution is proposed to be through an ESHT pathway analogous to that in 

methyl salicylate.93 

 

Benzophenones: 

 

Figure 1- 6. Oxybenzone in its (a) enol form and (b) keto form  

Oxybenzone (Figure 1-6) is a derivative of benzophenone, and ultrafast spectroscopy 

measurements combined with computational studies have helped to propose a complete 

mechanism of relaxation via enol- keto tautomerization.94-97 Oxybenzone exists either in the 

enol form or the keto form, and the enol is the more stable structure in the ground state. 

After excitation at 325 nm populating the S2 state, the oxybenzone undergoes excited state 

hydrogen transfer (ESHT) to the S1 keto within ~100 fs.94, 95, 97  Following ESHT, a central C−C 

bond twisting happens to the S1 keto with a time constant of around 400 fs, making a CI 

between the S1 and S0 states accessible.96, 97 Once the molecule has returned to the ground 

electronic state, the keto form undergoes hydrogen transfer to recover the enol form and 

vibrationally relaxes in 5-8 ps, with a precise timescale that is dependent on the polarity of 

the solvent.94, 95 A small portion of a trans-keto isomer forms on the ground state PES as a 

photoproduct because of extended C−C bond twisting, and the lifetime of the trans-keto is 

longer than 1 ns.95  These dynamics are contrasted with those found for diethylamino 

hydroxybenzoyl hexyl benzoate (DHHB), another benzophenone based sunscreen, in Chapter 

4. 
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 1.3.3 Solvent dependence 

The interactions between solvent molecules and sunscreen molecules can alter the 

photochemistry of the sunscreen chromophores. For example, the relaxation of cinnamates 

is drastically faster in solution than in the gas phase because solvent molecules can dissipate 

excess vibrational energy from the solute.72, 73, 98 The dual fluorescence of methyl salicylate 

also shows solvent dependence, as described in Section 1.3.2. Transient electronic absorption  

 spectra of avobenzone (Figure 1-7) in cyclohexane, acetonitrile and methanol show that not 

only the relaxation time constants vary, but also that the quantum yields of intermediates are 

different.99 After vertical photoexcitation to the S1 state, avobenzone can relax through a 

chelated enol and three structurally distinct non-chelated enols, and the proportions depend 

on the choice of solvent.67, 100 The relaxation of the chelated enol form of avobenzone has a 

time constant of ~6 ps, and the relaxations through non-chelated enols have various time 

constants ranging from 1 ps to microseconds. Although there has been no direct observation 

of the keto form of avobenzone, the small unrecovered ground state population of 

avobenzone after photoexcitation suggests the partial formation of the keto tautomer.99, 101  

However, a recent study of protonated avobenzone with mass spectrometry shows 

prominent photoinduced enol - keto tautomerization, which suggests the protonation 

disrupts the stability of the enol form.102  

 

 1.4 Searching for phenyl cation 

Another class of organic compounds showing potentially rich photochemical dynamics in 

solution after UV absorption is the aryl halides. The photochemistry of selected 

chlorobenzenes is studied in Chapter 5 of this thesis, with the objective of identifying both 

homolytic and heterolytic bond cleavage pathways.  An aryl cation contains a positively 

charged aromatic ring, corresponding to one of the most reactive forms of intermediate used 

in organic synthesis, and the phenyl cation sought here contains a positively charged benzene 

 

Figure 1- 7. Avobenzone in its (a) enol form and (b) keto form 
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ring.103 Aryl cations can be produced by thermal decomposition of an aryl diazonium 

compound, and they can undergo intramolecular cyclization or intramolecular hydride 

transfer followed by hydrolysis.104-109 Moreover, the intramolecular cyclization can bind 

adjacent oxygen and sulfur to form alkyldibenzofuranium and alkyldibenzothiophenium 

species.110 The current interest in the phenyl cation comes from its ability to capture 

molecular nitrogen to afford diazonium compounds, as observed by mass spectrometry.111, 

112  The phenyl cation can bind with N2 in pressures of 505 Pa of nitrogen, with the N2 capture 

finished within 30 milliseconds of trapping time.112  This reaction has the potential to provide 

an alternative to the energy consuming Haber-Bosch process to extract nitrogen from the 

atmosphere for chemical feedstocks.113 The product diazonium compound can be used for 

synthesis of azobenzene, which has been targeted for use in liquid crystals,  photochemical 

molecular switches, and antibiotics.114-116 In the solution phase, the photodissociation of aryl 

halides to aryl cations has been studied previously, with a general hypothesis that aryl cations 

are generated following electron transfer between radical pairs made by bond homolysis.103, 

117, 118 However, this mechanism has not been investigated or verified using ultrafast laser 

spectroscopy, and alternative pathways involving ion-pair states of the parent molecule may 

instead be responsible for the heterolytic bond dissociation.  

 

1.4.1 Singlet and triplet phenyl cations 

The phenyl cation has singlet and triplet spin-state forms.  The singlet phenyl cation is closed 

shell (π6σ0) and is more stable than the open-shell triplet phenyl cation (π5σ1)  by ~100 kJ mol-1 

when there is no substituent group attached.119, 120 The most obvious difference in the 

geometries of the two forms is the bond angle about the carbocation centre (i.e. the C atom 

formally carrying the positive charge). This ring bond angle in the singlet phenyl cation is 

about 147˚ whereas in the triplet phenyl cation it is about 125˚ which is closer to the angle 

found in a phenyl radical, suggesting the triplet state may be an intermediate formed before 

the singlet phenyl cation.119, 121 Nevertheless, the triplet aryl cation is usually more stable than 

the singlet when an electron-donating group is attached on para- or ortho- sites of the phenyl 

ring.122, 123  Moreover, because of the difference in electronic configurations, the 

chemoselectivities of the two forms of the phenyl cations are not the same. The singlet phenyl 

cation is a strong electrophile, whereas the triplet phenyl cation selectively reacts with π-

nucleophiles like alkynes and aromatic compounds.103, 124-126 Nitrogen fixation by a main 
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group element, boron, is based on σ donation from N2 to an empty σ orbital of boron and π 

backdonation to the empty π* orbital of N2,127 and a similar mechanism is proposed for 

nitrogen capture by the singlet phenyl cation.128  

 

 1.5 Transient absorption spectroscopy 

The experimental technique used in the work presented in this thesis to study the ultrafast 

photochemical dynamics of organic compounds in solution is transient absorption 

spectroscopy.  In general terms, TAS involves two beams of light passing through a sample 

with different timings, a rotating chopper, and a moving mirror, as shown in Figure 1-8. One 

of the beams of light is the pump laser beam, with pump pulses used to promote the target 

molecules to an excited electronic state. The other is the probe laser beam, with either a 

white-light continuum or mid-IR pulses intended to acquire information about either the 

populated electronic or vibrational energy levels of the molecules.  The rotating chopper 

wheel alternately blocks and allows the pump beam to irradiate the sample, which means the 

pump light is switched on and off. Hence, the probe beam will transmit spectral information 

about both the excited sample, with the pump on, and the original sample, with the pump 

off, and the difference between the absorption spectra acquired for pump-on and pump-off 

configurations contains discernible contributions from photochemical intermediates such as 

excited state absorption, stimulated emission, and ground state depletion (bleaching). With 

 

Figure 1- 8. Illustration of the layout for a transient absorption spectroscopy measurement. 
UV pump laser pulses are switched on and off by a chopper, and excite the sample; after a 
time delay in the sub-picosecond to nanosecond range, a broadband white light continuum 
(WLC) or mid-IR pulse probes the sample. The detector records the transmitted light 
intensity (and hence the amount of absorption) with the pump alternately on and off, and 
the difference in absorption caused by the UV pump pulses is deduced.  
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a moving mirror controlling the delay time between the pump and probe pulses, the kinetics 

and dynamics of photochemical reactions can be investigated on the sub-picosecond to 

nanosecond timescale. 

 

After the excited state is populated by absorption of photons from the UV pump pulse, the 

population in the excited state can further absorb light from the probe pulse and be excited 

to a higher electronic state (Figure 1-9a), which results in the excited state absorption (ESA) 

illustrated in Figure 1-9b. In the transient absorption spectra shown in this thesis, processed 

as the change in absorbance A = Apump on – Apump off,  ESA appears as a positive signal because 

there are no excited-state molecules to absorb the probe pulse photons without prior 

irradiation of the sample by the pump beam. However, the population in the excited state 

can also undergo stimulated emission when probe wavelengths match the wavelengths of 

emission back to the ground state (Figure 1-9c). Simulated emission appears as a negative 

signal because photons are emitted with the same frequency as some of the incident photons 

and more light is incident on the detector. Finally, the ground state bleach features result 

 

Figure 1- 9. Mechanisms for features contributing to transient absorption spectra.  (a) The 
pump pulse excites some population from the ground state to an excited state. (b) The 
probe pulse is absorbed by the population in the excited state, giving excited state 
absorption (ESA). (c) The probe pulse causes stimulated emission (SE) from the excited 
state. (d) The probe pulse is absorbed by the remaining population in the ground state, 
which has been depleted by the pump pulse, giving a ground-state bleach feature.  
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from absorption of the probe light by the depleted population remaining in the ground state 

after pump-pulse excitation (Figure 1-9d). Since the population in the ground state is reduced 

by the pump pulse, the difference in absorption appears as a negative feature in transient 

absorption spectra. TAS methods have been used to study a broad range of photochemical 

systems, for example, electron transfer between organic compounds in solutions,129, 130 

radical cations formed by electron transfer from organic photocatalysts,131 reactive carbenes 

produced by photoexcitation of α-diazocarbonyl compounds,132 photo-induced proton 

transfer in DNA nucleobase pairs providing effective nonradiative relaxation and enhancing 

the photostability,133, 134 relaxation pathways of photoexcited AT DNA oligonucleotides,135 

photochemistry of π−π stacking of the adenine,136 and the solvent-dependence of the 

photochemistry of various photocatalysts and organic chromophores.137, 138  TAS methods can 

also be used for solid samples, for instance, lead halide perovskites.139, 140 The time delays 

used in TAS can be in the sub-picosecond to nanosecond range using optical delay lines, and 

can extend to microseconds using electronic delays.141, 142 

 

The details of the laser system used for TAS are described in Chapter 2, and are followed by 

chapters reporting the main research results presented in this thesis. The photoinduced α-

cleavages of three cyclic ketones are studied using different pump-laser wavelengths, and the 

effects of ring strain on the ring opening dynamics are reported in Chapter 3. In Chapter 4, a 

sunscreen molecule DHHB, which is structurally similar to oxybenzone, is shown to relax via 

competing excited state hydrogen transfer or internal conversion pathways. The competition 

between the two relaxation pathways is observed in different solvents, and the excited state 

hydrogen transfer is shown to be less favourable in polar solvents. These two projects 

examining the photochemistry of cyclic ketones and the DHHB sunscreen have been 

published,143, 144 and the two chapters are adapted from the published journal articles. Finally, 

Chapter 5 presents a report of an ongoing project exploring the possibility of phenyl cation 

generation from the photodissociation of chlorobenzene. In this chapter, results for the 

photochemistry of chlorobenzene at different excitation wavelengths and in different 

solvents is reported. 
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 Chapter 2. Experimental and computational methods 

 

Transient absorption spectroscopy (TAS), using laser pulses of approximately 120 fs duration 

as determined via cross-correlation in a laser pump and probe experiment, is a powerful 

method to study the ultrafast photochemical dynamics of molecules in solution. Figure 2-1 

shows the layout of the laser system used for the transient electronic absorption 

spectroscopy (TEAS) and transient vibrational spectroscopy (TVAS) studies presented in this 

thesis.  Chapters 3– 5 of this thesis illustrate the detailed information about photochemical 

kinetics that can be extracted from such experimental measurements, revealing a great deal 

about the ultrafast dynamics in the excited electronic states accessed by absorption of UV 

light, and the ways these dynamics are affected by the surrounding solvent.  The 

interpretation of TAS experimental data benefits from quantum chemical calculations of the 

energies and the properties of electronically excited states of the photoexcited molecules, 

and the vibrational frequencies of intermediate species and photochemical products.  This 

 

Figure 2- 1. A schematic diagram of the layout of the lasers and optics used for TEAS and 

TVAS experiments.  
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Chapter summarizes the methods used for both the laser-based experimental studies and the 

computational quantum chemistry calculations of molecular properties.  Further details 

specific to the different molecular systems studied are reported in the relevant chapters. 

 

 2.1 Laser system 

The photochemical dynamics reported in Chapters 3 - 5 were investigated using transient 

electronic and vibrational absorption spectroscopy methods with the ultrafast laser set-up at 

the University of Bristol shown schematically in Figure 2-1.  All measurements relied on the 

same laser source, with ultrafast (~35 fs duration) laser pulses provided by a Coherent Vitara-

S oscillator.  This titanium-sapphire (Ti:sapphire) oscillator generates the femtosecond pulses 

by mode-locking, and the emitted pulse wavelengths are centred at 800 nm, in nearly 

transform-limited pulses, with a repetition rate of 80 MHz. The output pulses from the 

oscillator serve as a seed beam for a regenerative amplifier (Coherent Legend Elite HE+) 

consisting of three main parts: a stretcher, an amplifier, and a compressor illustrated in Figure 

2-2. Gratings and curved mirrors used in both the stretcher and compressor stages vary the 

light path distances of different wavelengths contained in the ultrashort pulses, consequently 

changing the pulse duration by introducing temporal chirp.  The duration of the pulses is 

stretched to ~150 ps, and thus the peak power is decreased after the stretcher to avoid the 

amplified pulses self-focusing and damaging the Ti:sapphire crystal in the amplifier stage. 

Recompression of the amplified pulses in the compressor stage produces ~35 fs duration 

pulses with energies of up to 5 mJ at a 1 kHz repetition rate. 

 

Figure 2- 2. Illustration of chirped pulse amplification. The duration of pulses is stretched 
before amplification, and then the duration is compressed back to restore a femtosecond 
pulse. 

 



 

 23 

 

Figure 2- 3. Schematic layout of the amplifier cavity inside the Coherent Legend Elite. 

 

Figure 2-3 shows a schematic diagram of the amplifier cavity. In the Ti:sapphire crystal, 

population inversion is achieved by absorption of radiation from an Evolution pump laser, 

which is a frequency doubled, Q-switched Nd:YLF laser emitting green light at a wavelength 

of 527 nm. The polarizer and Brewster windows on the Ti:sapphire crystal reflect S-polarized 

light but transmit the P-polarization.  A Pockels cell is positioned either side of the Ti:sapphire 

crystal. These two components act as electro-optic shutters triggered by a synchronization 

and delay generator (SDG). When both Pockels cells are deactivated, the polarization of the 

seed beam (800 nm) is flipped from S-polarization to P-polarization after passing through a 

quarter wave-plate twice, and it travels through the entire amplifier cavity. However, the 

polarization is turned back to S-polarization in the next trip and reflected from the cavity. As 

a result, the seed beam will not be amplified significantly nor directed to compressor. On the 

contrary, activating the first Pockels cell allows a pulse from the Vitara-S oscillator every 

millisecond to stay in the cavity and prevents the seed beam from exiting the amplifier cavity 

by maintaining its P-polarization for several passages through the Ti:sapphire gain medium to 

build up its intensity by multiple stimulated emission events. The intensity of the seed beam 

is monitored by its leakage from the cavity using a photodiode. Once the intensity reaches a 

maximum, the second Pockels cell rotates the polarization of the amplified pulses to S-

polarization, and the amplified pulses can therefore be reflected by the cavity polarizer, 

dumped from the amplifier cavity, and sent to the compressor. After the cavity, the repetition 

of the pulses is 1 kHz, and the pulses are amplified by a factor of ~106. A grating compressor 
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compresses the duration of pulses to ~40 fs. This entire process is known as chirped pulse 

amplification (Figure 2-2).1  

 

The power of the output beam from the Coherent Legend Elite amplifier is around 5 W, and 

this output beam is split by a 98% beam splitter shown in Figure 2-1. The 2% of beam that 

passes through the beam splitter is delivered to a stage for white light continuum generation 

to produce the probe beam used in TEAS, and the remaining 98% of the beam reflected by 

the first beam splitter is further split into two by a 50% beam splitter, with the resulting laser 

beams directed to two Coherent OPerA-Solo optical parametric amplifiers (OPAs).  These 

OPAs are configured to produce output pulses at wavelengths from 220 nm to around 11000 

nm using nonlinear optical processes that happen in non-centrosymmetric crystals. One of 

the OPAs is set up to generate UV or visible pump pulses for photoexcitation of samples, and 

the other OPA produces mid-IR probe pulses for TVAS. Inside each OPA, the input 800-nm 

beam from the Ti:sapphire amplifier is split twice for frequency conversion in three different 

stages: a pre-amplifier stage, a power amplifier stage,  and a mixer stage. A signal beam 

(~1010 nm – 1060 nm) is produced in the pre-amplifier stage, and it is amplified in the power 

amplifier stage where an idler beam (~1060 nm – 1160 nm) is also produced. The signal or 

idler beam is sent to the mixer stage, where mixing crystals can vary the resultant wavelength 

depending on their configurations (Figure 2-4). For example, fourth harmonic generation 

(FHG) of the signal (i.e. second harmonic generation (SHG) followed by another stage of SHG) 

can produce a 360-nm beam to photoexcite samples. Moreover, difference frequency 

generation (DFG) with the signal and idler results in a mid-IR beam used as a probe in TVAS.  

For TEAS or TVAS, pump wavelengths in the range from 270 nm to 245 nm are generated from 

SHG of the sum frequency of the signal and pump beams in the OPA. Longer wavelength UV 

around 280 nm to 290 nm for the pump laser is generated from SHG of the sum frequency of 

the idler and pump pulses in the OPA.  
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Figure 2- 4. Schematic illustration of an OPA layout showing use of nonlinear optical 
processes to generate the desired UV or mid-IR output beam. 

 

The UV pump beam from the UV OPA passes through a half-wave plate that is used to tune 

the intensity of the pump laser pulses to control the degree of sample excitation and for 

power-dependent studies. The beam is then directed to a moving retroreflective mirror 

attached to a Thorlabs DDS220 mechanical stage which can provide a maximum time delay 

of 1.4 ns and minimum time steps of 3.5 fs for kinetics studies. A Thorlabs MC2000B-EC 

chopper wheel linked with the SDG reduces the repetition rate of the pump pulses to 500 Hz, 

whereas the repetition rate of the probe laser beams is kept as 1 kHz.  This difference in pulse 

repetition rates allows comparison of sample spectra with and without the pump laser pulses 

so that transient absorption features can readily be identified.  Before being focused into the 

sample using a lens, the pump beam passes through a polarizer to rotate its polarization to 

54.7° from the vertical axis, the so-called magic angle, to eliminate any orientational diffusion 

signals from the transient absorption measurements.  

 

10 mL of the sample solution is circulated by a peristaltic pump to reduce the chance of 

photodamage by the UV pump laser pulses, and it flows through a stainless-steel cell fitted 
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with two 1.5 mm thick CaF2 windows separated by polytetrafluoroethylene (PTFE) spacers of 

a desired thickness (typically 100 – 380 m). The flow rate of the sample solution is 0.5 – 1 

mL/s. The pump beam and the probe beam are gently focused and spatially overlapped in the 

solution at the centre of the sample cell, and each sample solution is exposed to these pump 

and probe beams for 45 minutes to an hour during data acquisition. Typically, each time-delay 

point is averaged over 40 - 70 spectra, and after all time-delay points are collected, one cycle 

is completed. The transient absorption spectra are then obtained from the average of 6 - 8 

such cycles. These measurements are repeated on different occasions to test the 

reproducibility of the transient spectra, but repeat measurements of time constants are not 

considered to be necessary.  

 

 2.2 Transient electronic absorption spectroscopy 

For TEAS experiments, 2% of the output beam ( = 800 nm) from the Coherent Legend Elite 

amplifier is used as a pump beam to generate the white-light continuum probe by self-phase 

modulation in a CaF2 optic. A halfwave plate controls the intensity of the pump beam, and a 

polariser is used to keep the polarization vertical. The pump beam is focused on the back of 

a CaF2 window rastering in a plane perpendicular to the beam propagation direction to avoid 

photodamaging the window. The white light continuum generated in the window typically 

spans wavelengths from 340 nm to near-IR, but the wavelengths above 700 nm are filtered. 

It is collimated by an off-axis parabolic mirror and focused onto the sample as a probe beam 

for visible and near-UV absorption spectroscopy. The probe beam transmitted through the 

sample is recollimated and directed into a spectrograph (Andor, Shamrock 163) with a 1024-

element photodiode array (Entwicklungsbüro Stresing).  Data are acquired with a Labview 

program, TApir, which also controls experimental time delays (by communication with the 

delay stage on the UV pump laser beam line) and data averaging. The pixel-to-wavelength 

calibration of the spectrometer is achieved by obtaining the spectrum of a holmium oxide 

crystal. Transient spectra are obtained from the difference in absorption between pump-on 

and pump-off measurements. Using the Beer-Lambert law, the difference in absorbance (∆A) 

∆𝐴 = 𝐴𝑝𝑢𝑚𝑝 𝑜𝑛 − 𝐴𝑝𝑢𝑚𝑝 𝑜𝑓𝑓 = − log
𝐼𝑝𝑢𝑚𝑝 𝑜𝑛

𝐼0
+ log

𝐼𝑝𝑢𝑚𝑝 𝑜𝑓𝑓

𝐼0
= − log

𝐼𝑝𝑢𝑚𝑝 𝑜𝑛

𝐼𝑝𝑢𝑚𝑝 𝑜𝑓𝑓
 

Equation 2-1. 
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can be obtained from the light intensity transmitted through sample when the pump pulse is 

on (Ipump on) and the light intensity transmitted through sample when the pump laser pulse is 

blocked by the optical chopper and hence off (Ipump off), as shown in Equation 2-1.  In this 

equation, I0 is the incident light intensity, but this term is cancelled in Eq. 2-1. 

 

 2.3 Transient vibrational absorption spectroscopy 

The mid-IR probe beam for TVAS is produced by the IR OPA, and similarly to the TEAS set-up, 

a halfwave plate and a polarizer are used to tune the power and keep the polarization vertical. 

A germanium window in the beam path filters the mid-IR wavelengths from those used in the 

NDFG process: the germanium window reflects near-IR radiation like the residual signal and 

idler beams from the IR OPA, and transmits the mid-IR probe beam. The mid-IR beam is split 

into two roughly equal portions by a germanium coated CaF2 mirror. The reflected IR probe 

beam is focused into the sample and recollimated with the same optics used in the TEAS 

setup, and is then reflected and focused into a liquid nitrogen cooled Mercury Cadmium 

Telluride (MCT) 128-element array detector (Infrared Associates Inc., MCT-10-128) with fast 

read-out electronics (Infrared Systems Development Corp., FPAS-0144) coupled to a 

spectrometer (Horiba Scientific, iHR320). The portion of the mid-IR probe beam transmitted 

through the beam splitter is guided around the sample and focused into a second 

spectrometer fitted with a matching 128-element MCT array to provide a reference that is 

used to reduce noise from fluctuations in the IR beam intensity. TVA spectra data are also 

acquired using the TApir program, with wavelength calibration of spectra achieved using the 

bands observed in pure solvent samples such as acetonitrile. As with the analysis of TEAS 

measurements, the difference in absorbance is obtained from the intensity of IR light 

measured after the sample with the pump laser pulses on and off, but now with division by 

the intensity measured by the reference detector to reduce noise in the data (Equation 2-2). 

∆𝐴 = − log

𝐼𝑝𝑢𝑚𝑝 𝑜𝑛
𝐼𝑟𝑒𝑓,𝑜𝑛

⁄

𝐼𝑝𝑢𝑚𝑝 𝑜𝑓𝑓
𝐼𝑟𝑒𝑓,𝑜𝑓𝑓

⁄
 

Equation 2-2.  
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 2.4 Computational chemistry 

Quantum-chemical computations of the energies, structures and spectra of stable molecules, 

excited states, and short-lived intermediates assist spectral assignments and data 

interpretation, and are conveniently performed using a range of commercial software 

packages. The time needed for running a calculation task depends on not only the size of the 

molecule but also the chosen quantum-chemical method, and the choices of functional and 

basis set. Typically, the more reliable the computational results are, the more computationally 

time-consuming the calculations are. The method used here for all the reported computations 

for molecules in their ground states is Density Functional Theory (DFT), and the properties of 

excited states are calculated with time-dependent DFT (TDDFT).2-5 In DFT, properties such as 

molecular structures and energies are calculated from the probability distribution of the total 

electron density. A hybrid functional, B3YLP, is used for calculations for the sunscreen 

molecule diethylamino hydroxybenzoyl hexyl benzoate (DHHB) described in Chapter 4, and 

its long-range-corrected version with the Coulomb-attenuating method, CAM-B3YLP, 6, 7 is 

used for the study of chlorobenzene photochemistry reported in Chapter 5. Different basis 

sets are applied in these two projects because of molecular size differences and the focuses 

of the two studies.  All the calculations run on a computer cluster, Grendel, at the University 

of Bristol, and use the Gaussian 09 package.8 

The optimized structures and spectra of the sunscreen molecule DHHB are calculated with 

the basis set 6-31G (d,p).9-15 This choice of the functional and basis set  is guided by 

computations of other benzophenone derivatives by Corrêa et al.16   In this 6-31G basis set, 

six Gaussian Type Orbitals (GTOs) represent the core orbitals, and three GTOs are used for 

the inner valence orbitals; one GTO is used for the outer valence orbitals. Polarization 

functions shown as (d,p) are introduced to give a d-function for heavy atoms and a p-function 

for hydrogen. To understand better the impact of the solvent environment on the 

photochemistry of DHHB, a Conductor-like Polarizable Continuum Model (CPCM) is applied 

to simulate solvation in polar and non-polar solvents.17-20 The Polarizable Continuum Model 

(PCM) provides a continuous and uniform medium description of the solvent environment, 

and the medium is characterized with the dielectric constant of the solvent molecule. 

Consequently, specific interactions like intermolecular hydrogen bonds between solvent and 

solute molecules are not accounted for explicitly in the PCM treatment.19, 20 CPCM is a 

derivative of PCM which imposes the dielectric constant of the medium to be infinite, like a 
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conductor, and to have no potential in the medium, but the polarization charges are 

distributed on the surface of the solvent cavity.17, 18, 20  

The basis set chosen for the chlorobenzene project in Chapter 5 is aug-cc-pVTZ where “cc” 

stands for correlation consistent; that is, functions contributing similar correlation energies 

are included together despite the different function types. Polarization functions are added 

by default in cc-pVTZ.21-25 “VTZ” denotes Valence Triple Zeta, applying three times as many 

functions as the minimum required. Diffuse functions are introduced, as is denoted by the 

“aug” label to indicate inclusion of functions with large size. The augmented basis set is 

suitable for systems where the electrons are relatively far from the nuclei, for example in 

anions and excited states.24, 25 The choice of functional and basis set follows the methods used 

in computations of charge-transfer complexes of carbon tetrachloride.26 Because the solvents 

used for the chlorobenzene experiments are non-polar and weakly interacting, such as 

cyclohexane and perfluorohexane, a solvation model is not used in order to reduce the 

calculational costs.  

 

 2.5 Spectral decomposition and data analysis 

The transient absorption spectra measured in the Bristol ultrafast laser laboratory are 

processed and analysed in a custom-developed program called KOALA (Kinetics Observed 

After Light Absorption).27 TAS measurements are pre-processed by subtracting a spectrum 

obtained at negative time (with the probe laser pulse preceding the pump laser pulse), 

baseline correction, and chirp correction (to account for any frequency chirp in the probe 

laser pulses). The subtraction of a spectrum obtained at negative time delay removes any 

contributions from long-live products and reduces the noise in the data. Because of the 

Gaussian intensity profile of the pump laser beam, a spatial gradient in molecular populations 

and solvent temperature is generated by UV absorption which causes refractive index 

gradients. Therefore, the baselines of spectra obtained at different time delays do not always 

stay the same, but the changes can be corrected in KOALA by aligning areas of the spectrum 

in which there are no transient spectral features.  The areas chosen to define the baseline are 

selected by the program user, and typically the corrections applied are independent of, or 

linearly dependent on probe wavelength. In addition to this baseline dependence on the 

experimental time delays between the pump and probe pulses, each frequency in the 

broadband probe pulse arrives at the photoexcited sample region at a slightly different time 
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because of the wavelength dependence of the refractive indices of transmissive optics in the 

beam lines, the cell windows, and the solution.  This frequency or spectral chirp is negligible 

for the TVAS data presented here, but is significant for TEAS measurements using a white-

light continuum probe. As a result, the “time zero” of each frequency component in the time-

resolved spectra can be shifted from those for other frequency components, giving different 

temporal offsets at each probe wavelength that can be hundreds of femtoseconds. KOALA 

allows straightforward chirp correction with a programmed formula accounting for the 

absolute phase, group delay dispersion and the third order dispersion.  

 

Once the TEAS or TVAS measurements have been processed to eliminate spurious absorption 

of long-lived species, and to correct the spectral baselines and eliminate spectral chirp, they 

can be analysed to extract time-evolving spectral components from which transient 

intermediates are identified and their kinetics or lifetimes are deduced.  To extract the 

photochemical kinetics, KOALA incorporates spectral decomposition using Gaussian functions 

and/or custom-designed spectral basis functions, and an example of spectral decomposition 

is shown in Figure 2-5a. KOALA also incorporates singular value decomposition (SVD) analysis 

to guide the choice of spectral basis functions when required.  After fitting, the weights of 

each spectral basis function (whether Gaussian or custom-defined) are plotted against time 

as kinetic traces that can be fitted with exponential (or other) time-dependent functions in 

Origin software to obtain time constants and their associated uncertainties from regression 

analysis (Figure 2-5b).  

  



 

 31 

 

 

Figure 2- 5. (a) A TEA spectrum of DHHB at a given time delay (black) is spectrally 
decomposed into three Gaussian basis functions (grey, red, and blue) and two custom-
designed basis functions (green and purple), and the total fit, which is the sum of the basis 
functions, is shown by the navy dotted-line. Details of the basis functions will be discussed 
in Chapter 4.  (b) The kinetics extracted from the spectral decomposition of the 
experimental spectrum at every measured time delay (coloured symbols) are fitted with 
exponential functions (solid lines) in Origin, and the time constants and fit uncertainties are 
obtained. 
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 Chapter 3. Effects of ring-strain on the ultrafast 

photochemistry of cyclic ketones 

 
This chapter is adapted from the work published in Min-Hsien Kao, Ravi Kumar Venkatraman, 

Michael N.R. Ashfold and Andrew J. Orr-Ewing, Chem. Sci., 2020,11, 1991-2000. The author of 

this thesis contributed the design of experiments, data collection, data analysis, and 

interpretation. 

 

 3.1 Introduction 

The Norrish Type-I ultraviolet (UV) photochemical reactions of aldehydes and ketones involve 

cleavage of a C−C bond adjacent to the carbonyl-group chromophore (i.e. -cleavage), and 

have a long history dating back to the pioneering mechanistic investigations by Norrish and 

Bamford.1 The accepted mechanism for Norrish Type-I -cleavage is UV photoexcitation of an 

electron from a non-bonding orbital (n) on the carbonyl oxygen atom to a * molecular orbital 

of the carbonyl group (a weak *  n excitation, which is symmetry forbidden in the planar 

limit), followed by C−C bond cleavage in the first excited singlet (S1) or triplet (T1) state. The 

initial outcome is either two separate radical species, if the parent carbonyl compound is non-

cyclic, or a biradical species if the parent is a cyclic ketone.2 This Norrish photo-chemistry has 

been extensively exploited in a wide range of experiments, including photoinitiated 

polymerization, and chemical synthesis.3-13 It is also significant in the photolysis of volatile 

carbonyl compounds such as acetone in the Earth’s atmosphere.14-18 

The biradical intermediates formed by -cleavage of a cyclic ketone can further react in 

several different ways, with pathways that depend on the ring size of the ketone.  UV-excited 

cyclobutanone, with only a four C-atom ring, has been reported to form either ethene and 

ketene, or CO and cyclopropane / propene photoproducts in both the gas phase and 

solution.19-21  In contrast, cyclohexanone can photo-decompose to an alkene and CO, or 

photo-isomerize to 2-methyl-cyclopentane, 5-hexenal or 1-hexen-1-one.22-28 Similarly, 

cyclopentanone isomerizes to 4-pentenal when irradiated with UV light at 313 nm or 254 

nm.29  
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One way in which the ring size influences the photochemical reaction pathways of cyclic 

ketones is through the degree of ring strain.  According to calculations using the complete 

basis set- atomic pair natural orbital (CBS-APNO) level of theory,30 the ring strain energies of 

cyclohexanone and cyclopentanone are approximately 29 and 41 kJ mol-1, respectively, 

whereas for cyclobutanone the corresponding value is significantly higher at ~120 kJ mol-1.31 

Greater ring strain facilitates ring opening pathways in Norrish Type-I photochemistry. Xia et 

al. computed potential energies for extension of the  C−C distance for the S1 and T1 states 

of cyclobutanone, cyclopentanone and cyclohexanone using complete active space self-

consistent field (CASSCF) and second-order perturbation theory (MS-CASPT2) methods.32 

Their results identified only a modest (~29 kJ mol-1 relative to the S1 state minimum) energy 

barrier for  C−C cleavage in the S1 state of cyclobutanone because C−C bond extension 

 

Figure 3- 1. Schematic diagram of cuts through the lowest lying potential energy surfaces 

for cyclobutanone (denoted by C4) along the  C-C bond extension coordinate (RC-C).  The 
ground state (S0, black curve) and first excited singlet (S1, red) and triplet (T1, blue) states 
converge to near-degenerate biradical structures at large RC-C, with S0 and S1 meeting at 
a conical intersection (CI). An energy barrier of ~29 kJ mol-1 on the S1 state corresponds 

to the transition state (TS) for -cleavage. The corresponding barrier heights for 
cyclopentanone (C5) and cyclohexanone (C6) are higher, as indicated by the dashed red 
line. UV photoexcitation in the present experiments populates the S1 state above the 

energy of the TS, and direct C-C -cleavage competes with vibrational energy transfer 

(VET) to the solvent.  Intersystem crossing (ISC) to T1 accesses a pathway to -cleavage 
with a lower energy barrier.   



 

 35 

relieves the ring strain, whereas the corresponding barrier heights for cyclopentanone and 

cyclohexanone are ~63 kJ mol-1 or more. In contrast, the calculations show no significant 

barriers to  C−C bond cleavage on the T1-state potential energy surfaces of these molecules, 

suggesting cyclopentanone and cyclohexanone can undergo facile -cleavage in this triplet 

state after intersystem crossing (ISC) from S1, as is shown schematically in Figure 3-1.32 

Nevertheless, molecular dynamics simulations done by Shemesh et al., using the 

orthogonalization-corrected method 2 / multireference configuration interaction (OM2/ 

MRCI) method for potentials and Surface Hopping including Arbitrary Couplings (SHARC) 

software for dynamics, showed most photoexcited cyclohexanone molecules (with a range of 

internal energies in the S1 state) reacting on timescales shorter than 100 ps, i.e. at a rate that 

out-competes ISC. Thus, these calculations suggest that -cleavage is possible for S1 state 

cyclohexanone molecules with sufficient internal energy.28 

Both the relative yields of competing photoproducts of cyclobutanone photochemistry, and 

the intensity of its excited state emission, vary with UV excitation wavelength.33  In the gas 

phase, the ratio of the ethene + ketene channel to CO + cyclopropane / propene formation 

drops from 7 to 0.4 when the excitation wavelength decreases from ~340 nm to ~310 nm.34  

Furthermore, the lifetime of the cyclobutanone S1 state reduces in the gas phase or in 

cyclohexane solution, and consequently the fluorescence emission intensity declines rapidly, 

for excitation wavelengths below 320 nm.35 The fluorescence quantum yields (f) of 

cyclopentanone and cyclohexanone also decrease with shorter  excitation wavelength, but to 

a lesser extent than for cyclobutanone.33, 35-37 At wavelengths around 310 nm, the three cyclic 

ketones have f values of ~0.2%.37  

Femtosecond time-resolved spectroscopy has also been applied to study Norrish Type-I 

photochemistry in the gas phase, with Zewail and coworkers observing the kinetics of -

cleavage in cyclobutanone in the gas phase. At an excitation wavelength of 307 nm 

(corresponding to an energy above, but close to the S1 barrier height), a measured time 

constant of ~5 ps was assigned to C-C bond fission.38 The current study extends this ultrafast 

time-resolved spectroscopy approach to the condensed phase, and to a range of UV 

excitation wavelengths, to explore the effects of S1-state internal energy on excited state 

pathways.  It compares the photochemistry of cyclobutanone with cyclopentanone and 

cyclohexanone to examine the consequences of ring strain on the Norrish Type-I pathway.  
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Cyclohexane was chosen as a medium for all the reported measurements to study the effects 

of competition between direct -cleavage and S1-state relaxation by vibrational energy 

transfer (VET) (Figure 3-1). In this weakly interacting solvent, solute-solvent interactions are 

not expected to modify significantly the excited state potentials and energy barriers 

compared to the gas phase.  Transient electronic absorption spectroscopy (TEAS) reveals the 

timescales for decay of S1 population in these three molecules, whereas transient vibrational 

absorption spectroscopy (TVAS) identifies some of the active ring-opening reaction pathways.  

 

 3.2 Experimental methods 

Transient absorption spectra were measured using an ultrafast laser system at the University 

of Bristol which has been described in Chapter 2. Cyclobutanone (99%, Sigma-Aldrich), 

cyclopentanone ( 99.0%, Sigma-Aldrich ReagentPlus) and cyclohexanone ( 99.0%, Sigma-

Aldrich, ACS reagent) were used without further purification to prepare 1 M solutions in 

cyclohexane (Supelco, Spectroscopy grade).  These solutions were circulated by a peristaltic 

pump through a stainless-steel sample cell fitted with two 1.5-mm thick CaF2 windows 

separated by a 380-m Teflon spacer for transient absorption spectroscopy. Steady-state 

UV/vis absorption spectra of the samples in a 2-mm-pathlength cuvette and a 380-m-

pathlength stainless-steel sample cell were obtained using a GENESYS™ 10S UV-Vis 

Spectrophotometer (Thermo Scientific). The absence of aggregation of cyclic ketones was 

checked by comparing the normalised steady-state UV/vis absorption spectra of 100 mM 

solutions in a 2-mm-pathlength cuvette and 1 M solutions in a 380-m-pathlength sample 

cell, for which no  band shifting was observed.    Corresponding IR absorption spectra were 

measured by a Spectrum Two FTIR Spectrometer (Perkin Elmer), with samples held in cells of 

the type used for transient absorption spectroscopy but with CaF2 windows separated by 100-

m Teflon spacers.  
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 3.3 Results and discussion 

3.3.1 Transient electronic absorption spectra 

The weak * n, S1 – S0 absorption band of cyclobutanone is typical of a carbonyl 

compound,36, 39 and spans UV wavelengths from 240 - 330 nm, with a maximum absorbance 

close to 280 nm in cyclohexane solution. Cyclopentanone and cyclohexanone have similar 

* n absorption bands, with respective maxima at ~300 and 290 nm.  Example UV/visible 

spectra are shown in Figure 3-2.  The UV excitation wavelengths selected for TEAS 

measurements were exc = 255, 281, 290 and 312 nm to span much of the range of these weak 

absorption features, and based on theoretical predictions longer wavelengths are expected 

to access regions of the S1 state only just above the energy of the barriers for excited-state  

C-C bond fission. 

 

Figure 3- 2. Normalised UV/Vis absorption spectra of cyclobutanone (black), 
cyclopentanone (red) and cyclohexanone (blue) in cyclohexane.  The concentrations of the 
solutions used for the measurements were 0.25 M, and the cuvette pathlength was 2 mm. 
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Figure 3- 3. TEA spectra of cyclobutanone in cyclohexane, obtained with excitation 
wavelengths of (a) 255 nm, (b) 281 nm, (c) 290 nm and (d) 312 nm.  The spectra were 
recorded at different pump-probe time delays, as indicated by the inset colour key in the 
top panel. 

Figure 3-3 shows representative TEA spectra of cyclobutanone in cyclohexane at the four 

different excitation wavelengths. In these and other such spectra, the intensity of the white 

light continuum probe weakens and then cuts off at wavelengths below 350 nm, so the 

spectra are not correctly captured in this region.  Different colour traces correspond to 

spectra obtained at various time delays shown by the inset key. At the shortest chosen pump 

wavelength of 255 nm, two broad peaks are observed in the excited state absorption (ESA) 

bands, located at around 420 nm and 600 nm. Similar structures are evident in the transient 

spectra obtained at exc = 281 nm and 290 nm. However, the 600-nm ESA feature is no longer 

as distinct when a cyclobutanone solution is excited with 312-nm UV light. The intensities of 

the transient absorption bands decay almost to zero over the timescale of the measurements 

(with maximum time delays of 1300 ps). Any stimulated emission contribution to the TEA 

spectra is expected at wavelengths around 350 - 500 nm, but will be weak in comparison to 
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transition- dipole allowed Sm  S1 (m>1) ESA bands because the S1→ S0  *→ n transition 

involved is forbidden in the planar limit.  

The transient absorption spectra reflect the degree of internal (vibrational) energy of the 

photoexcited S1 state molecules, and perhaps some T1-state contributions after ISC, because 

other electronically excited states are not accessible at the pump photon energies.  At the 

shortest time delay of t = 0.25 ps, the vibrational excitation of the S1-state molecules will 

not have had time to relax by coupling to the degrees of freedom of the solvent bath for a 

weakly interacting solvent such as cyclohexane. 40, 41 Hence, for each excitation wavelength  

 

Figure 3- 4. Example of the decomposition of TEA spectra of a cyclobutanone solution in 
cyclohexane using early and medium time (ET and MT) basis spectra corresponding to the 

experimental spectra measured at t = 0.2 and 50 ps, respectively. The TEA spectra were 
obtained at an excitation wavelength of 312 nm, and the decomposition was performed in 
the KOALA program. The sample spectra plotted were taken at three different time delays: 
(a) 0.85 ps, (b) 30 ps, (c) 100 ps and (d) 400 ps. In each case, the black solid line is the 
experimental spectrum, and the purple dashed line is the best fit. ET and MT basis functions 
are shown as red and blue solid lines, respectively. Decomposition of cyclobutanone 

spectra obtained at shorter excitation wavelengths (exc = 255, 281 and 290 nm) required 
use of only a single (ET) basis function. 
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data set, the corresponding early time (ET) spectrum (t = 0.25 ps) was used as a basis 

function to model the contribution from vibrationally hot S1-state molecules to the TEA 

spectra. This single basis spectrum, with steadily decreasing amplitude, was sufficient to 

describe well the temporal evolution of the broadband, time-resolved TEA spectra of 

cyclobutanone in cyclohexane for pump wavelengths of 255 nm, 281 nm and 290 nm. 

However, at exc = 312 nm, the spectral decomposition analysis required inclusion of a second 

basis function, which was chosen to be the TEA spectrum obtained at t = 50 ps, denoted 

here as a medium-time (MT) spectrum. Figure 3-4 illustrates this spectral fitting to ET and MT 

basis functions for the 312-nm excitation of cyclobutanone, giving the data plotted in Figure 

3-5(d). The MT spectrum is interpreted as representing the absorption by S1-state 

cyclobutanone molecules which have undergone vibrational cooling to internal energies 

below the S1 -cleavage barrier.  

 

Figure 3- 5. Kinetics of cyclobutanone (S1) relaxation obtained by analysis of TEA spectra 
(Figure 3-3) measured at four UV excitation wavelengths. Red and blue symbols are 
intensities obtained from the fits to ET and MT basis functions (see main text). The solid 
lines are a global fit of all the data sets to tri-exponential decay functions with constant 
offsets, yielding decay components with common time constants of 0.65 ± 0.12, 7.0 ± 0.2 
and 550 ± 45 ps. 
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On the basis of the analysis presented below, this vibrational cooling is determined to be 

essentially complete on a timescale shorter than 50 ps. The interpretation of the MT basis 

spectrum is supported by evidence from steady-state fluorimetry measurements of weak 

fluorescence at blue and green wavelengths corresponding to emission from a fraction of the 

photoexcited S1 molecules which avoid photochemical pathways and instead relax to the 

lowest S1 vibrational level. 34, 35, 42 This fraction (as judged from the relative fluorescence 

intensities) is greatest at the longest excitation wavelengths used in the current time-resolved 

studies.   

Cyclobutanone 

Pump 
wavelength 
(nm) 

τ1 τ2 τ1/ τ2 

Amplitude error Amplitude error Amplitude error 

255 0.57 0.01 0.16 0.01 3.56 0.18 

281 0.69 0.01 0.30 0.01 2.30 0.07 

290 0.68 0.02 0.31 0.01 2.19 0.08 

312 0.56 0.01 0.57 0.01 0.98 0.02 

Table 3- 1. Amplitudes of the fastest (τ1= 0.65 ± 0.02 ps) and intermediate (τ2= 7.0 ± 0.2 ps) 
time components of the tri-exponential decays of intensity of ET basis function observed by 
decomposition of TEA spectra of photoexcited cyclobutanone.  Data are shown for four 
different UV excitation wavelengths.  τ1/ τ2 ratios show that the contribution of the fastest 
time constant decreases with longer excitation wavelengths. 

Fitting of the time-dependent spectra of Figure 3-3 to the chosen basis spectra was performed 

in KOALA,43 and gave the decays of ESA band intensities plotted in Figure 3-5.  The kinetics of 

the decays can be extracted by global fitting (in Origin) of all the data for multiple excitation 

wavelengths using tri-exponential functions with a constant offset, yielding time constants of 

1 = 0.65 ± 0.12 ps, 2 = 7.0 ± 0.2 ps and 3 = 550 ± 45 ps.  The corresponding amplitudes of 

the separate time components extracted from the ET basis function fits are reported in Table 

3-1, and the ratios of amplitudes for the 1 and 2 components are plotted in Figure 3-6. Such 

amplitude ratios quantify the relative importance of each mechanistic contribution to the S1-

state decay.  As the UV pump wavelength increases (and photon excitation energy decreases), 

the relative contribution of the fastest (0.65 ps) time component becomes less significant.  

Because of the timescale, this component is attributed to direct  C-C bond cleavage in the 

S1 state. The wavelength-dependent trend suggests that with decreasing initial internal 

energy, a smaller fraction of the UV-excited molecules directly traverses the barrier to  C-C 

bond fission on the S1 potential energy surface. Surmounting this energy barrier will require 
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internal vibrational energy redistribution (IVR) if the initial photoexcitation does not place 

sufficient initial energy in motion along, or strongly coupled to, the reaction coordinate.  The 

observed 7.0 ps timescale may therefore be associated in part with this IVR,38 consistent with 

its increasingly prominent role as the total internal energy decreases (ex increases). 

 

Any remaining absorption apparent in the late-time cyclobutanone TEA spectra, interpreted 

as arising from vibrationally cooled S1 molecules, should be treated with some caution 

because of the weakness of the features. Moreover, band shapes are not fully resolved 

because the WLC probe does not extend to wavelengths below ~350 nm. 

 

Figure 3- 6. Relative amplitudes of the shortest (1) and intermediate (2) time components 
of the tri-exponential decays of intensity in TEA spectra of photoexcited cyclobutanone, 
cyclopentanone and cyclohexanone.  Data are shown for four different UV excitation 

wavelengths.  The amplitudes of the 1 (<1 ps) components are divided by the amplitudes 

of the corresponding 2 (7-9 ps) components to compare the influence of different 
excitation wavelengths.  
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Figure 3- 7. Left-hand column: TEA spectra of cyclopentanone in cyclohexane, obtained 
with excitation wavelengths of 255 nm, 281 nm, 290 nm and 312 nm (from top to bottom).  
The spectra were obtained at different pump-probe time delays, as indicated by the inset 
colour key. Right-hand column: kinetics of excited state cyclopentanone relaxation 
obtained by analysis of TEA spectra. Red and blue symbols are intensities obtained from 
the fits to ET and LT basis functions. The solid lines are a global fit to tri-exponential 

functions with constant offsets, yielding components with common time constants of  1 = 

0.95 ± 0.12 ps, 2 = 8.5 ± 0.3 ps and 3 = 600 ± 100 ps. 
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Figure 3-7 shows the corresponding TEA spectra of cyclopentanone at the same excitation 

wavelengths with cutoffs for wavelengths below 350 nm. These transient spectra have similar 

characteristics to those exhibited by cyclobutanone.  The TEA spectra are again broad and 

mostly featureless, but with maxima at wavelengths around 400 nm and 600 nm for exc = 

255 nm, 281 nm and 290 nm.  For exc = 312 nm, the 400-nm transient absorption band is the 

most prominent, and in all cases a feature peaking at wavelengths between 350 and 400 nm 

remains clearly visible in spectra obtained at t = 1300 ps, in contrast to the almost complete 

decay of ESA for cyclobutanone.  

Spectral decomposition in KOALA followed a similar approach to that described above for the 

cyclobutanone TEAS studies:  data were fitted to an ET basis function obtained at t = 0.25 

ps, but in this case it was also necessary to include a second basis function denoted as late-

 

Figure 3- 8. Example of the decomposition of TEA spectra of a cyclopentanone solution in 
cyclohexane using early and late time (ET and LT) basis spectra corresponding to 

experimental spectra measured at t = 0.2 and 1300 ps, respectively. The TEA spectra were 
obtained at an excitation wavelength of 281 nm, and the decomposition was performed in 
the KOALA program. The sample spectra plotted were taken at three different time delays: 
(a) 1.5 ps, (b) 45 ps, (c) 250 ps and (d) 1000 ps. In each case, the black solid line is the 
experimental spectrum, and the purple dashed line is the best fit. ET and LT basis functions 
are shown as red and blue solid lines respectively.  
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time (LT) to account for the full time-evolution of the spectra.  The LT basis function was 

chosen to be the spectrum obtained at t = 1300 ps for each of the different exc data sets.  

An example spectral decomposition is shown in Figure 3-8. This analysis reveals continual 

decay of the ET contribution and corresponding growth of the LT feature. Figure 3-7 shows 

the corresponding kinetics and fitting for cyclopentanone excited at four UV wavelengths.   A 

global kinetic fit with tri-exponential functions yields common time constants of 1 = 

0.95 ± 0.12 ps, 2 = 8.5 ± 0.3 ps and 3 = 600 ± 100 ps for excited-state cyclopentanone, and 

the relative amplitudes are reported in Table 3-2. The fastest (1) component dominates at 

exc = 255 nm but, as Figure 3-6 shows, its relative amplitude decreases as the excitation 

wavelength increases. 

 

 

 

 

 

Cyclopentanone 

Pump 
wavelength (nm) 

τ1 τ2 τ1/ τ2 

Amplitude error Amplitude error Amplitude error 

255 0.61 0.01 0.23 0.01 2.65 0.08 

281 0.71 0.01 0.38 0.01 1.87 0.05 

290 0.87 0.02 0.57 0.01 1.53 0.04 

312 0.46 0.01 0.60 0.01 0.77 0.02 

Table 3- 2. Amplitudes of the fastest (τ1 = 0.95 ± 0.03 ps) and intermediate (2 = 8.5 ± 0.3 
ps) time components of the tri-exponential decays of ET basis function intensity observed 
by decomposition of TEA spectra of photoexcited cyclopentanone.  Data are shown for four 
different UV excitation wavelengths.  τ1/ τ2 ratios show that the contribution of the fastest 
time constant decreases with longer excitation wavelengths. 
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Figure 3- 9. Left-hand column: TEA spectra of cyclohexanone in cyclohexane, obtained with 
excitation wavelengths of 255 nm, 281 nm, 290 nm and 312 nm.  The spectra were obtained 
at different pump-probe time delays, as indicated by the inset colour key. Right-hand 
column: kinetics of excited state cyclohexanone relaxation obtained by analysis of TEA 
spectra measured at time delays up to 100 ps. Red and blue symbols are intensities 
obtained from the fits to ET and MT basis functions. The solid lines are a global fit to bi-

exponential functions, yielding components with common time constants of 1 = 

1.02 ± 0.03 ps and 2 = 8.9 ± 0.3ps. 
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TEA spectra obtained for solutions of cyclohexanone in cyclohexane are shown in Figure 3-9 

with cutoffs for wavelengths below 350 nm. The transient spectra for cyclohexanone bear 

superficial resemblance to the data obtained for cyclopentanone.  At an excitation 

wavelength of 255 nm, the ESA bands decay in a similar fashion to cyclopentanone, leaving a 

residual absorption band centred just below 400 nm. However, close inspection of the spectra 

obtained at exc = 281 nm, 290 nm and 312 nm reveals a rapid decline in the broad absorption 

band for time delays up to t = 50 ps, and the growth and narrowing of a band centred near 

370 nm at time delays longer than 140 ps.  Spectral decomposition therefore required use of 

three basis functions: ET and LT functions were represented by t = 0.25 ps and 1300 ps TEA 

spectra, respectively, and a middle-time (MT) function was added using the spectrum 

obtained at t = 100 ps.  This time delay was chosen because the ESA signals above 475 nm 

are weak and did not change after 50 ps, so the ET basis function no longer contributes to the 

overall TEA spectra after this time. Moreover, the narrower band located around 370 nm does 

not evolve in shape and intensity over time delays from 50 to 140 ps, at which point there is 

an onset of growth and a change to the band shape in this spectral region. Hence, the kinetics 

can be cleanly divided into a short-time (t  100 ps) and a long-time (t  100 ps) 

component. The short time data were analyzed by spectral decomposition using the ET and 

MT basis functions (Figure 3-10), to give time-dependent band intensities of the type shown 

in Figure 3-9. For time delays in excess of 100 ps, the MT and LT basis functions were used 

instead. However, the time constants from the fits are significantly over the experimental 

time window, and therefore, the time constants and spectral decompositions are not 

reported in this chapter.  

As Figure 3-9 shows, the decay and growth kinetics of ESA features for cyclohexanone in 

cyclohexane at time delays up to 100 ps can be globally fitted for all excitation wavelengths 

with bi-exponential functions with shared time constants. The common time constants 

emerging from these fits are 1 = 1.0 ± 0.1 ps and 2 = 8.9 ± 0.3 ps.  Fit amplitudes are reported 

in Table 3-3.   The ratio of the amplitudes for the 1 and 2 components decreases from 

1.67 ± 0.06 to 0.95 ± 0.04 with increasing pump wavelength (Figure 3-6). The relative 

amplitude of the spectral component with shortest time constant is smaller for 

cyclohexanone than for cyclobutanone, suggesting a lesser contribution from the direct S1- 
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Cyclohexanone 

Pump 
wavelength (nm) 

τ1 τ2 τ1/ τ2 

Amplitude error Amplitude error Amplitude error 

255 0.50 0.01 0.3 0.01 1.67 0.06 

281 0.69 0.01 0.44 0.01 1.57 0.04 

290 0.66 0.01 0.49 0.01 1.35 0.03 

312 0.54 0.02 0.57 0.01 0.95 0.04 

Table 3- 3. Amplitudes of the fastest (1 = 1.0 ± 0.1 ps) and intermediate (2 = 8.9 ± 0.3 
ps) time components of the tri-exponential decays of ET basis function intensity observed 
by decomposition of TEA spectra of photoexcited cyclohexanone.  Data are shown for 
four different UV excitation wavelengths.  τ1/ τ2 ratios show that the contribution of the 
fastest time constant decreases with longer excitation wavelengths. 

Figure 3- 10. Example of the decomposition of TEA spectra of a cyclohexanone solution in 
cyclohexane using early and medium time (ET and MT) basis spectra which correspond to 

experimentally measured spectra at t = 0.3 and 100 ps, respectively. The TEA spectra were 
obtained at an excitation wavelength of 312 nm, and the decomposition was performed in 
the KOALA program. The sample spectra plotted were taken at three different time delays: 
(a) 0.8 ps (top), (b) 7.5 ps, (c) 28 ps and (d) 70 ps. In each case, the black solid line is the 
experimental spectrum, and the purple dashed line is the best fit. ET and MT basis functions 
are shown as red and blue solid lines respectively.  
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state -cleavage mechanism proposed to be responsible for the  1 ps ESA loss.  The growth 

kinetics of the long-time component are well-described by a mono-exponential function with 

a common time constant 3 > 1200 ps for all excitation wavelengths.  Consequently, a new 

species is concluded to form on timescales longer than the 1.3 ns time window for transient 

spectroscopy measurements. 

 

3.3.2 Transient vibrational absorption spectra 

The TEA spectra presented in the preceding section reveal the decay of excited S1-state 

populations in the three cyclic ketones after UV excitation, but further valuable 

photochemical insights derive from TVA measurements. In particular, TVAS provides 

information about the photoproducts, and their formation timescales. Cyclobutanone and 

cyclohexanone have previously been reported to form ring-opened compounds containing a 

ketene functional group,19, 21, 26, 27, 44 so TVA spectra were measured for all three cyclic ketones 

in the mid-IR region around 2100 cm-1, using a UV pump wavelength of exc = 281 nm.26, 45-47 

At this excitation wavelength, only the TVA spectra of cyclobutanone solutions showed a 

ketene band signal on timescales up to the maximum experimental delay.  Figure 3-11 shows 

illustrative TVA spectra for cyclobutanone: a broad feature evident at early time delays is  

 

Figure 3- 11. Transient vibrational absorption spectra and kinetics obtained for a solution 

of cyclobutanone in cyclohexane photoexcited at exc = 281 nm.  (a) TVA spectra obtained 
at time delays from 0.2 – 1200 ps, as indicated by the inset colour key. (b) Decay of the hot 
vibrational band and the growth of ketene fundamental absorption extracted from the TVA 
spectra as described in the main text, and biexponential fits to the data (solid lines) with 
shared time constants of 7 and 550 ps. 
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assigned to vibrationally excited ketene photoproducts of the ring-opening pathway. Similar 

vibrational hot bands and spectral shifts during vibrational relaxation were observed for the 

ketene photoproducts of photoinduced ring opening of α-pyrone, thiophenone and furanone 

.48, 49 The broad feature narrows and shifts to higher wavenumber on a timescale of  50 ps, 

which is a signature of vibrational cooling by loss of excess internal energy to the solvent bath. 

A sharp feature which develops at 2135 cm-1 is the fundamental band of the thermalized 

ketene photoproduct. The presence of the hot ketene band, even at the earliest time delays 

of 0.25 ps, clearly indicates an ultrafast ring-opening pathway for the S1-state cyclobutanone 

molecules, which is absent in cyclopentanone and cyclohexanone at the same excitation 

wavelength. The subsequent relaxation kinetics of the nascent, vibrationally hot 

 
Figure 3- 12. Example of the decomposition of TVA spectra obtained in the ketene region 
for a UV-excited cyclobutanone solution in cyclohexane.  The decomposition used a 
Gaussian function and a Lorentzian function with centres that shift with time. The TVA 
spectra were obtained at an excitation wavelength of 281 nm, and the decomposition was 
performed in the KOALA program. The sample spectra plotted were taken at three different 
time delays: (a) 5 ps, (b) 14 ps, (c) 45 ps and (d) 250 ps. In each case, the black solid line is 
the experimental spectrum, and the purple dashed line is the best fit. The Gaussian function 
(representing a broad absorption by vibrationally hot ketene molecules) and the Lorentzian 
function (for the vibrationally thermalized ketene peak) are shown as blue and red solid 
lines respectively. 
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photoproducts and the growth of the ketene fundamental band (obtained by the spectral 

decomposition method shown in Figure 3-12) can be globally fitted to biexponential functions 

with shared time constants of 7 ps and 550 ps.  The former component dominates and is 

attributed to vibrational cooling of the promptly (sub-ps) formed ketene molecules.  The likely 

mechanism for sub-ps formation of the ketene photoproducts is rapid crossing of the low S1 

barrier to access an S1/S0 conical intersection (see Figure 3-1), which was previously suggested 

as a pathway for ketene formation from non-cyclic ketones,50 and further isomerization or 

fragmentation of the internally excited S0-state molecules on timescales much faster than 

vibrational energy transfer to the solvent. 

Figure 3-13 shows that the ketene can also be formed by photoexcitation at exc = 255 nm 

and 312 nm. However, the observed ketene signals are too weak to allow a full kinetic 

analysis, suggesting other pathways out-compete ketene formation.  The inability to observe 

ketene photoproduct bands following photoexcitation of either cyclopentanone or 

cyclohexanone under otherwise identical conditions at exc = 255 nm, 281 nm or 312nm 

 

Figure 3- 13. Transient vibrational absorption spectra obtained in the ketene region for 

solutions of cyclobutanone in cyclohexane photoexcited at exc = 255 nm (left panel) and  

exc = 312 nm (right panel).  The TVA spectra shown correspond to a pump-probe time delay 
of 1200 ps.  The peak at ~2140 cm-1 is indicative of ketene photoproduct formation, but the 
weak bands suggest low quantum yields for this pathway at these excitation wavelengths. 
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suggests low quantum yields for the ketene forming channels.  Instead, rival photochemical 

pathways must dominate following Norrish Type I -cleavage on the S1 state potential energy 

surface or, at later times, after ISC to the T1 state.  There is no evidence in any of these spectra  

for photochemical release of CO (with an IR band expected near 2140 cm-1),51  which was 

suggested to be a reaction path competing with the ketene path,34 on the timescale of the 

current measurements.    

 

 

Figure 3- 14. Transient vibrational absorption spectra and decay kinetics of cyclobutanone 

in cyclohexane photoexcited at exc = 281 nm.  Left panel:  TVA spectra obtained at time 
delays from 0.2 – 1200 ps, as indicated by the inset colour key. The parent molecule has a 
strong absorption centred at ~1780 cm-1. Right panel: Time-dependence of the integrated 
intensity of the transient absorption by cyclobutanone, extracted from the TVA spectra by 
integrating spectral absorbance from 1760-1770 cm-1 (red circles), and a tri-exponential fit 
to the data (solid line). 

 

Figure 3- 15. Transient vibrational absorption spectra and decay kinetics of cyclohexanone 

in cyclohexane photoexcited at exc = 281 nm.  Left panel:  TVA spectra obtained at time 
delays from 0.2 – 1200 ps, as indicated by the inset colour key. The parent molecule has a 
strong absorption centred at ~1710 cm-1. Right panel: Time-dependence of the integrated 
intensity of the transient absorption by cyclohexanone, extracted from the TVA spectra by 
integrating spectral absorbance from 1690-1700 cm-1 (red circles), and a tri-exponential fit 
to the data (solid line). 



 

 53 

The observation of further photoproducts of the Norrish Type-I photochemistry is hindered 

by the strength of the parent IR absorption bands in the carbonyl stretching region.  Figures 

3-14 and 3-15 show examples of TVAS data for cyclobutanone and cyclohexanone measured 

in this region.  Tentative analysis of transient features, which are heavily overlapped by the 

strong ground-state parent bands, suggests relaxation times of 7 ps and 9 ps for the respective 

cyclic ketones.  These observations are indicative of vibrational cooling but provide no 

additional insights.   

More information was derived from TVAS measurements in the 1200 – 1400 cm-1 region, 

which showed transient IR bands corresponding to ring vibrational motions. TVA spectra of 

cyclobutanone in this mid-IR region are shown in Figure 3-16 and are dominated by a 

negative-going feature which becomes deeper with increasing time delay.  Negative-going 

bands in TVAS indicate stimulated emission or depletion of parent ground-state population 

(i.e. a ground-state bleach (GSB)). Both these contributions are expected to be greatest at 

early time delays.  The apparent growth of the negative-going feature, which is attributed to 

GSB on the basis of steady-state FTIR spectra of cyclobutanone in cyclohexane solutions, 

indicates decay of an overlapping ESA band. Decomposition of these two components, by 

fitting to Gaussian functions in Origin, extracted the decaying ESA contribution shown in the 

right panel of Figure 3-16. This decay is well described by a bi-exponential function with time 

constants of 1 = 0.6 ps and 2 = 7 ps taken from analysis of TEAS data (Figures 3-3 and 3-4).  

 

Figure 3- 16. Transient vibrational absorption spectra and decay kinetics of cyclobutanone 

in cyclohexane photoexcited at exc = 281 nm.  Left panel:  TVA spectra obtained at time 
delays from 0.2 – 1200 ps, as indicated by the inset colour key.  Right panel:  decay of the 
cyclobutanone ESA, extracted from the TVA spectra as described in the main text (red 
circles) and a biexponential fit to the data (solid line) with time constants of 0.7 and 7 ps. 
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Figure 3- 17.  Transient vibrational absorption spectra and decay kinetics of cyclopentanone 

in cyclohexane photoexcited at exc = 281 nm. Left panel: TVA spectra obtained at time 
delays from 0.2 – 1280 ps, as indicated by the inset colour key.  Right panel: decay of the 
cyclopentanone ESA, extracted from the TVA spectra as described in the main text (red 
circles) and a tri-exponential fit to the data (solid line) with time constants of 0.9, 9 and 600 
ps. 

Figure 3-17 shows example TVAS data obtained for cyclopentanone in the same spectral 

region.  Here, the evidence for overlapping ESA and GSB contributions is more clear-cut. The 

GSB assignments were confirmed by comparison to steady-state FTIR measurements of 

cyclopentanone solutions in cyclohexane. The ESA decay kinetics can now be isolated by 

subtracting the GSB spectrum observed at the longest time delay from all other transient 

spectra (on the assumption that there is no significant population relaxation to the ring-closed 

and ground-state parent on the timescale of the measurements).  Integrated ESA band 

intensities decay with increasing time delay as shown in the right panel of Figure 3-17 and are 

successfully modelled by a tri-exponential function with the three time constants fixed to the 

values 1 = 0.9 ps, 2 = 9 ps and 3 = 600 ps obtained from analysis of the TEA spectra.  A similar 

analysis of TVA spectra of cyclohexanone shown in Figure 3-18 confirms ESA decay with time 

constants of  1 = 1 ps, 2 = 9 ps and 3 = 1300 ps derived from the corresponding TEAS 

measurements.  
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Figure 3- 18.  Transient vibrational absorption spectra and decay kinetics of cyclohexanone 

in cyclohexane photoexcited at exc = 281 nm.  Left panel:  TVA spectra obtained at time 
delays from 0.2 – 1200 ps, as indicated by the inset colour key.  Right panel:  decay of the 
cyclohexanone ESA, extracted from the TVA spectra as described in the main text (red 
circles) and a tri-exponential fit to the data (solid line) with time constants of 1, 9 and 1300 
ps. 

Butylketene was previously reported as a major photoproduct when gas phase 

cyclohexanone was exposed to 311-nm radiation for an hour,26 but the present TVAS studies 

show no sign of ketene absorption following excitation at wavelengths of 281 nm or 255 nm 

and time delays up to 1300 ps. These shorter wavelength UV photons populate the S1 state 

further above the energy barrier to C-C bond fission than at exc = 311 nm.  Hence, a greater 

relative yield of ring-opened photoproducts might be expected in the present experiments if 

dynamics on the S1 state dominate. The TVAS observations also show no detectable ketene 

photoproduct bands within 1300 ps for excitation at exc = 312 nm. When contrasted with the 

outcomes from the steady-state 311-nm irradiation studies, the results presented here point 

to butylketene formation after ISC to the parent T1 state or isomerization of hot S0 molecules. 

The former pathway is apparently too slow for the TVAS experimental measurements to 

observe, and the latter will be quenched in solution by vibrational energy transfer to the 

solvent. 

 

3.3.3 Mechanistic interpretation of TEAS and TVAS measurements 

The consistency of outcomes of the analysis of TEAS and TVAS measurements supports the 

following interpretation of the photochemical dynamics of the three cyclic ketones studied.  

In each compound, the fastest time constant (1  1 ps) is assigned to unimolecular reaction 

of the S1-state ketone formed with excess vibrational energy by UV-photon absorption from 
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the ground state.  The internal energies of these hot S1 molecules lie above the barrier for  

C-C bond fission on the respective S1 state potential energy surfaces, so Norrish Type-I -

cleavage can occur promptly. The relative amplitudes of these fastest time components of 

the excited-state decay decline with increasing wavelength (lower photon energy), consistent 

with a reduction in the excess internal energy above the bond-fission barrier.  These direct C-

C bond breaking dynamics are most pronounced for UV-excited cyclobutanone because the 

C-C bond extension alleviates the C4 ring strain as the transition state is approached, giving a 

smaller S1 barrier height (~29 kJ mol-1 compared to ≥ 63 kJ mol-1 for cyclopentanone and 

cyclohexanone).  The rapid S1-state bond dissociation dynamics are reflected in the sub-

picosecond growth of TVAS bands associated with photoproducts. In the case of 

cyclobutanone, one product of this photochemistry is a ketene-containing compound most 

likely formed via internal conversion to S0 through an S1/S0 conical intersection (Figure 1),50 

but other direct photoproducts of this and the other cyclic ketones were not identified.   

In competition with the ultrafast passage over the bond-fission barrier, hot S1 molecules 

experience interactions with solvent molecules which deplete their excess internal energy.  

This pathway is not operative in photochemical studies of the isolated molecules in the gas 

phase at low pressure, but it plays a significant role in solution even for a weakly interacting 

solvent such as cyclohexane.   The time constant for this vibrational cooling is 7 – 9 ps, and it 

is reflected in the decay of ESA signatures in TEAS measurements both by evolution of the 

ESA absorption band shapes, and because, as the hot S1 molecules relax towards the 

minimum on the S1 potential energy surface, their unimolecular bond-fission rates decrease.  

A similar time constant for vibrational cooling is observed in the relaxation of the nascent, 

highly internally excited ketene products of the ring-opening photochemical dynamics of 

cyclobutanone.  IVR of internally excited S1 molecules, placing enough energy along the 

reaction coordinate for passage over the S1 C-C -cleavage barrier, may also contribute to the 

7 – 9 ps changes in the transient absorption spectra. 

A third component of ESA decay occurs on timescales of 500 ps or more and is attributed to 

reaction of photoexcited molecules which have relaxed to energies below the S1-state barrier 

for bond fission.  This pathway is more evident for cyclohexanone and cyclopentanone than 

for cyclobutanone because of the reduction in the S1 energy barrier height associated with 

release of ring strain for the latter cyclic ketone.  Reaction might be through thermal 

activation of S1 molecules in the room-temperature solvent, or by intersystem crossing to the 
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T1 state which, for the three molecules studied, is computed to have a lower barrier to bond-

breaking.32  Build-up of T1-state population will be limited by the rate at which it decays to S0 

by a second ISC in a region of near-degeneracy of the two potential energy surfaces at 

extended C-C bond distance (Figure 1).  Nevertheless, the evolution of the ESA bands in 

cyclohexanone at longer time delays may be indicative of population of the T1-state by ISC 

from S1 because the distinct late-time spectral components grow in intensity.  The likelihood 

of occurrence of this slower photochemical pathway increases as the photon energy 

decreases, consistent with the idea of competition between direct over-the-barrier reaction 

of internally hot molecules, and solvent induced relaxation to energies below the S1 barrier, 

with only the latter route leading to T1.   Direct S1 to S0 internal conversion or radiative decay 

in the vicinity of the minimum on the S1-state PES is likely to be slower (with ~3 ns radiative 

lifetime)37 and therefore not to compete.  

 

 3.4 Conclusions 

Norrish Type-I -cleavage of cyclic ketones in cyclohexane solution is observed to occur on 

sub-picosecond time scales, with a propensity that depends on the UV photon energy 

absorbed.  Competition is observed between direct bond fission over a barrier on the S1 state 

potential energy surface, and slower indirect photochemical pathways favored by solvent-

quenching of the excess internal energy of molecules photo-excited above the minimum 

energy of the S1 state.   These indirect pathways occur on timescales in excess of 500 ps for 

cyclobutanone, cyclopentanone and cyclohexanone, and may involve thermal reactivation 

above the S1 barrier or intersystem crossing to the T1 state and subsequent dynamics.  The 

ring-strain in the cyclobutanone has a pronounced effect on the photochemistry, with a 

resulting lower barrier to C-C bond fission in the S1 state compared to cyclopentanone or 

cyclohexanone which promotes direct ring-opening pathways. Observed products of the 

cyclobutanone photochemistry include compounds containing ketene functional groups. 
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 Chapter 4. Influence of the solvent environment on the ultrafast 

relaxation pathways of a sunscreen molecule, diethylamino 

hydroxybenzoyl hexyl benzoate 

 

This chapter is adapted from the work published in Min-Hsien Kao, Ravi Kumar Venkatraman, 

Mahima Sneha, Matthew Wilton, and Andrew J. Orr-Ewing, J. Phys. Chem. A 2021, 125, 2, 

636–645. The author of this thesis contributed the design of experiments, data collection, 

data analysis, and interpretation. 

 

 4.1 Introduction 

UV light from the sun is commonly divided into three wavelength regions: UVA (400-320 nm), 

UVB (320-280 nm) and UVC (280-100 nm), of which UVA accounts for more than 90% of UV 

radiation reaching the surface of the Earth.1  This UVA can penetrate human skin to the dermis 

layer.2  Although DNA mainly absorbs UVB radiation, UVA absorption encourages formation 

of reactive oxygen species that can cause DNA damage and increase the occurrence of skin 

cancers.3-6  The application of UVA absorbers to the skin inhibits the generation of these 

reactive oxygen species and reduces oxidative stress in cultured human dermal fibroblasts 

exposed to UVA.3, 7  

Diethylamino hydroxybenzoyl hexyl benzoate (DHHB), with the structure shown in Figure 4-

1, is a UVA absorber widely approved for use in sunscreens in Japan, Europe, Australia and 

South Africa with commercial name Uvinul A .8, 9 Previous studies of DHHB focused on its 

photostability in formulations with other sunscreen molecules such as tert-butyl-

methoxydibenzoylmethane and avobenzone.10-12  DHHB has a similar core structure to 

oxybenzone (see Figure 4-1c), which is an efficient UVB absorber but toxic to coral and now a 

banned ingredient of sunscreen products in Hawaii.13, 14 Prior ultrafast spectroscopy studies 

have established that the relaxation mechanism of photoexcited oxybenzone is via enol → 

keto tautomerization.15 After UV excitation of the ground-state enol form to the S2 state, 

oxybenzone undergoes excited state hydrogen transfer (ESHT) to reach the S1-keto form on a 

time scale estimated to be ~100 fs.15, 16  



 

 61 

 Following ESHT, the keto form of oxybenzone experiences a central C-C bond torsion with a 

time constant of around 400 fs. The twisted keto S1 state molecules access a conical 

intersection (CI) which provides an efficient relaxation pathway to the ground electronic 

state. In oxybenzone, this ground-state recovery takes ~8 ps and there is a small yield of an 

isomer, the  trans-keto form, which relaxes back more slowly to the lowest-energy form.15-17 

In addition, after photoexcitation to the singlet excited state, a minor pathway involving 

formation of the phenoxy radical of oxybenzone by homolytic H-O bond cleavage was 

reported on longer timescales.18  

DHHB differs from oxybenzone by the presence of an auxochrome amino group meta to the 

-OH group on one phenyl ring. The amino group shifts the main π*←π absorption band by 15 

nm to longer wavelength than for oxybenzone in cyclohexane solution. This π*←π absorption 

band of DHHB is sensitive to the solvent polarity, undergoing a bathochromic shift as can be 

seen in Figure 4-2 in Section 4.3. The presence of an additional auxochrome, the ester group 

of DHHB connected to the other aromatic ring, facilitates charge separation in the first excited 

singlet state, and thereby modifies the photochemistry in ways that are explored here. A 

simpler molecular analogue of both DHHB and oxybenzone, 2-hydroxy-benzophenone, has 

been reported to have different photophysical properties in ethanol and hexane, and a long-

lived absorption signal in ethanol was assigned to triplet state photoproducts.19  The 

 

Figure 4- 1. Molecular structures of: (a) DHHB in its enol form; (b) DHHB in its keto form; (c) 

oxybenzone. 
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photochemical properties of DHHB have also been shown to depend on the solvent. In 

ethanol, DHHB is phosphorescent at 77 K, but in non-polar solvents it does not phosphoresce, 

suggesting that the intramolecular hydrogen bond between the OH and carbonyl groups, 

which is expected to be sensitive to the solvent environment, plays an important role in the 

relaxation of photoexcited DHHB.20 

Formation of triplet species is undesirable for sunscreen molecule since they can be quenched 

by O2 to form singlet oxygen which is a reactive oxygen species.21, 22  In addition, triplet-triplet 

energy transfer between UVA and UVB absorbers has been reported to reduce the efficiency 

of sunscreen products.23, 24 DHHB has a similar triplet state energy to both octocrylene and 

octyl methoxycinnamate sunscreen additives, so triplet DHHB may be quenched by these 

compounds,20, 25 but with potential consequences for the effectiveness of these UVB filters.  

The ultrafast transient electronic and vibrational absorption spectroscopy (TEAS and TVAS) 

studies reported here compare the photochemical properties of DHHB and its primary 

relaxation pathways in four solvents, cyclohexane (CYCH), methanol (MeOH), acetonitrile 

(ACN), and dimethyl sulfoxide (DMSO).  Competition is identified in the UV-excited S1 state 

between torsional motion in the enol form towards an S1 – S0 conical intersection, ESHT from 

the enol to keto forms, and intersystem crossing to the triplet manifold of states, with solvent-

dependent outcomes. Relaxation mechanisms of photoexcited DHHB are proposed, the 

associated time constants are reported, and the outcomes are contrasted with the relaxation 

pathway for the structurally similar oxybenzone.  Evidence is presented for a minor 

photochemical role for triplet-state DHHB. 

 

 4.2 Experimental and computational methods 

Acetonitrile (Fisher, HPLC grade,  99.9%), cyclohexane (Acros, for spectroscopy, > 99%), 

dimethyl sulfoxide (Merck, Uvasol for spectroscopy) and methanol (Sigma-Aldrich, HPLC 

grade,  99.9%) were used to prepare 25 mM stock solutions of diethylamino hydroxybenzoyl 

hexyl benzoate (BASF Uvinul A Plus, 99.7%). Octocrylene (Supelco, Pharmaceutical Secondary 

Standard) or trans--methyl styrene (Sigma-Aldrich, 99%) were added to some of the 

prepared DHHB solution samples to test triplet-triplet energy transfer pathways. All the 

chemicals were used without further purification.  
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Samples used for steady state and transient absorption spectroscopy studies were prepared 

from the stock DHHB solutions, by dilution if required. Absorption spectroscopy 

measurements were performed using a stainless-steel Harrick cell fitted with two 1.5-mm 

thick CaF2 windows separated by 100-m polytetrafluoroethylene (PTFE) spacers.  Steady 

state UV-visible spectra of 2.5 mM solutions were measured by a GENESYS 10S UV-Vis 

Spectrophotometer (Thermo Scientific). The IR absorption spectra of 25 mM DHHB solutions 

were obtained using a Spectrum Two FTIR Spectrometer (PerkinElmer). Fluorescence 

emission spectroscopy of 25 µM DHHB solutions instead used a 1 cm-pathlength quartz 

cuvette placed into a fluorimeter (PerkinElmer LS 45) with slits set at 10 nm wavelength 

resolution.  

The ultrafast laser system and associated spectrometers and optical paths used for TEAS and 

TVAS measurements have been described in detail in previous publications and Chapter 2.26, 

27 2.5 mM DHHB solutions were continuously circulated from a reservoir to a stainless steel 

Harrick cell fitted with CaF2 windows separated by 100 m. The reservoir and cell were 

connected by PTFE tubing, and circulation was maintained by a peristaltic pump. The near-UV 

excitation wavelength was set at ex = 360 nm for DHHB solutions in polar solvents, and at ex 

= 345 nm for solutions in CYCH, corresponding to wavelengths close to the absorption maxima 

of the long-wavelength bands of DHHB in these solvents. The excitation was increased to 375 

nm for studies of triplet quenching with octocrylene to minimize overlap with the red edge of 

the octocrylene absorption band. The wavelength region covered by the white-light 

continuum TEAS probe beam was from 330 nm to 700 nm, and the mid-IR TVAS probe 

spanned 1550 - 1800 cm-1 to monitor the carbonyl stretching region.  Instrument responses 

were ~120 fs for TEAS and 150 fs for TVAS as determined by cross-correlation.26 The possible 

degradation of the DHHB sample, and hence accumulation of photoproducts during 

measurements, was monitored by recording the UV-visible absorption spectrum of the 

solution before and after the time-resolved experiments.  Any loss of DHHB absorption was 

always observed to be less than 2%. 

The functionals and basis sets chosen for all the calculations of vibrational frequencies, 

excited state energies and structures reported here were described in Chapter2. 
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 4.3 Results and discussion 

4.3.1 DHHB structures in the ground and excited electronic states 

Figure 4-1 shows the two tautomeric forms of DHHB.  According to the calculations here, the 

enol form is significantly more stable than the keto form in the ground (S0) electronic state, 

and the calculations suggest a barrierless process to go from the keto to the enol form (Figure 

4-2). Therefore, for all the experiments conducted here, excitation is assumed to be from 

DHHB (S0) in its enol form.  

 

Figure 4- 2. Calculated relaxed scan for DHHB along the distance between the hydrogen of 
the hydroxyl group and the oxygen of the carbonyl group, shown as a blue-hashed bond. 
On the left is the optimized enol form in the ground state (S0), and to the right is the S0 keto 
form.  Calculations were performed for a MeOH solution. There is no energy barrier to pass 
from the keto to the enol tautomer in the S0 state. 
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The optimized S0 structure from the calculations is shown in Figure 4-3 of, and is close to 

planar in the region of the central carbonyl group and the phenolic ring, but with an out-of-

plane twist (by ~47o) of the second aromatic ring to reduce steric repulsions.  The 

experimental and computational UV-Vis absorption spectra of DHHB are shown in Figure 4-4. 

UV excitation of DHHB near the maximum of the first absorption band, with ex = 360 nm (or 

345 nm in CYCH) corresponds to an S0 → S1 transition, and the transient spectroscopy studies 

reported here therefore do not involve dynamics in higher lying electronically excited states. 

This first electronic transition consists of a HOMO to LUMO π*  π electronic excitation as 

determined by the molecular orbital calculations reported here, and the shift to longer 

wavelength in more polar solvents is typical for this type of transition.28-30   

 

 

 

Figure 4- 3. DHHB in the ground electronic (S0) state. The HOMO is shown by red/green 
shading.  Note the near-planarity of the carbonyl and phenyl groups, and the out-of-plane twist 
of the second aromatic ring (by ~47o). The dihedral angle for (HO)C-C-C=O is 7.2o. The 
calculations used the DFT/TD-DFT B3LYP 6-31G** method with CPCM treatment of the 
methanol solvent.   
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Figure 4- 4. Steady state UV-Vis absorption spectra of DHHB in (a) cyclohexane (CYCH) (b) 
acetonitrile (ACN), (c) methanol (MeOH), (d) dimethyl sulfoxide (DMSO). The calculated UV-
Vis absorption of DHHB in methanol is shown by blue vertical bars (e).  The strong 

absorption at 357 nm is a *   orbital excitation, with the weaker band at 328 nm 

corresponding to another *   excitation.  In cyclohexane, the *   excitation is 

computed to arise at 351 nm and is a HOMO → LUMO transition, with the excitation at 328 

nm being of HOMO-1 →  LUMO character.  At the chosen laser excitation wavelengths, the 

HOMO → LUMO *   orbital excitations dominate in all the chosen solvents. 

Vertical excitation initially populates the S1 state in an enol geometry (henceforth S1-enol) in 

the Franck-Condon (FC) region with coplanar central carbonyl and hydroxyl groups. As Figure 

4-5 shows, the optimized geometry of the S1 enol is computed to have a twisted structure in 

which rotation about a central C-C bond brings the two phenyl rings to an almost 

perpendicular orientation.  In this structure, the C(OH)-C-C=O dihedral angle is 67o.  The 

excited MO in the optimized S1 enol geometry is located mostly on the phenyl ring with the 

pendent ester group, corresponding to charge transfer (CT) character for this region of the S1-

enol PES (Figure 4-5). This CT-character in the twisted S1 enol will be stabilized by polar 

solvents. 
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Figure 4- 5. The DHHB enol form in the S1 state. The excited MO is shown by red/green shading. 
The carbonyl group located between the two benzene rings is no longer in the same plane as 
the hydroxyl group, with a dihedral angle for (HO)C-C-C=O of 67o, and the two phenyl rings are 
oriented almost perpendicular to one-another. The central carbonyl group is in the plane of the 
aromatic ring with an ester group. The MO shows charge transfer character compared with the 
ground state HOMO in Figure 4-3.  The calculations used the TD-DFT B3LYP 6-31G** method 
with CPCM treatment of the methanol solvent.   

In the vertical excitation region (for the heavy atoms), the S1-keto form of DHHB, resulting 

from excited state hydrogen transfer (ESHT), is computed here to lie lower in energy in 
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methanol than the corresponding S1-enol structure, and the optimized geometry is shown in 

Figure 4-6.  

 

Figure 4- 6. The DHHB keto form in its S1 state. The excited MO is shown by red/green 

shading. The carbonyl group is nearly in the same plane as the central hydroxyl group with 

a dihedral angle for (O=)C-C-C-OH of 18o. The out-of-plane twist of the second aromatic ring 

is ~40o. The calculations used the TD-DFT B3LYP 6-31G** method with CPCM treatment of 

the methanol solvent.   
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 The dynamics from the FC region of the initially excited S1-enol molecules are therefore 

expected to be either ESHT to the keto form or torsion about a central C-C bond to reach the 

lower energy region of the twisted S1-enol form. This model for evolution of the excited state 

structures is summarized schematically in Figure 4-7 and forms the basis for the interpretation 

of transient absorption spectroscopy data reported here.  These measurements provide 

evidence for competing ESHT and torsional dynamical pathways in the S1 excited state, 

 

Figure 4- 7. Illustrative PESs along the C-C bond rotation coordinate and significant 
photochemical pathways of DHHB. After vertical excitation from the S0-enol state to the S1-enol 
state, there is competition between ESHT to the S1-keto form and relaxation on the S1 PES to 
the lower energy twisted S1-enol structure. The majority of photoexcited molecules relax to 
the ground state, and only a small fraction undergoes intersystem crossing (ISC) to populate 
triplet states, or forms an isomeric photoproduct denoted as trans-enol in the S0 state. The S1-

keto tautomer may relax to the ground state via direct internal conversion (IC) and vibrational 
energy transfer (VET), or via reverse ESHT to the S1-enol form.  
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quantify time constants for the pathways, and show how the competition is affected by 

different types of interactions with the surrounding solvent.  

 

4.3.2 Transient electronic absorption spectroscopy of DHHB 

Solvent-Dependent Photodynamics: Figure 4-8 shows TEA spectra of DHHB in four different 

solvents.  In spectra obtained at delays of up to a few picoseconds, strong negative signals at 

wavelengths around 500 nm for solutions in polar solvents are assigned as stimulated 

emissions (SE), but the corresponding SE for DHHB in CYCH is weak. These observations are 

consistent with the steady state fluorescence spectra shown in Figure 4-9; these spectra show 

no discernable fluorescence from DHHB in CYCH under conditions in which weak fluorescence 

emission is detected from solutions in methanol, acetonitrile and, most prominently, DMSO. 

The late-time TEA spectra, the long-wavelength regions of which are shown as insets in each 

panel, indicate further differences between DHHB photochemistry in the non-polar solvent 

and polar solvents, and will be discussed later. SE at sub-ps to few-ps delay times is likely to 

 

Figure 4- 8. Transient electronic absorption spectra of DHHB in (a) methanol, (b) acetonitrile, 
(c) dimethyl sulfoxide and (d) cyclohexane. A colour key for the time delays corresponding to 
different spectra is shown in panel (a). The late time spectra are shown on an expanded scale 
as insets in each panel. 
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derive from the photoexcited DHHB in the S1-state FC region, and its decay is a measure of 

the onset of excited state dynamics.  These dynamics might involve either S1 keto formation 

by ESHT or structural relaxation to the twisted S1 enol (Figures 4-7) with loss of excess 

vibrational energy to the solvent. Both pathways change the geometry of the excited-state 

DHHB and its electronic character, and hence are expected to quench the SE, but the 

surrounding solvent environment affects their time scales and changes the balance of 

competition. 

 

Figure 4- 9. Steady state fluorescence emission spectra of DHHB in acetonitrile (black line), 

dimethyl sulfoxide (red line), methanol (green line) and cyclohexane (blue line). The 

excitation wavelength in the polar solvents is set at 360 nm, and in cyclohexane at 345 nm. 

The bands at ~405 nm in the polar solvents and at ~390 nm in cyclohexane are attributed 

to Raman scattering associated with C-H stretching vibrations.31, 32 
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The intensity of the observed SE bands appears to relate to the hydrogen bonding ability of 

the chosen solvent. The strongest DHHB SE feature is seen in solution in MeOH, which can act 

as both a hydrogen bond donor and acceptor, whereas ACN and DMSO, in which the SE bands 

are somewhat less pronounced, are poorer hydrogen bond acceptors.33 In CYCH, which does 

not form conventional hydrogen bonds, signatures of SE are barely evident. The prominence 

of the SE feature is therefore proposed to be evidence for disruption by H-bonding solvents 

of the ESHT mechanism for S1 enol to S1 keto conversion in the initially excited FC region.  In 

CYCH solution, the solvent does not interfere with this pathway, and we propose that the SE 

from the photoexcited S1-enol form (as well as steady state fluorescence) is rapidly quenched 

by ESHT. Figure 4-10 shows relaxed scans of the computed potential energy changes from the 

optimized S1-keto to the FC region S1-enol form, performed using CPCM treatments of MeOH 

 

Figure 4- 10. Calculated relaxed scans along the distance between the hydrogen of the 
hydroxyl group and the oxygen of the carbonyl group, shown as a blue-hashed bond, with 
CPCM treatment of the solvent in methanol (black) and cyclohexane (red). On the right is 
the optimized keto form in S1, and to the left is the S1-enol form in the Frank Condon (FC) 
region. The dihedral angle involving the central C-C bond is fixed to force the enol forms to 
stay in the FC region and to avoid C-C bond twisting to the relaxed S1 enol.  There is no 
energy barrier to pass from the FC region enol to the keto tautomer in the DHHB S1 state in 
cyclohexane, but there is a barrier of about 10 kJ mol-1 from the FC region S1 enol in 
methanol solution. 
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and CYCH. Although the CPCM method does not treat explicit solvent-solute interactions, the 

calculations indicate that ESHT is a barrierless process in CYCH, whereas in MeOH there is a 

barrier estimated to be ~10 kJ mol-1. Therefore, the rate of ESHT is expected to be dependent 

on the polarity of the solvent environment.  

The excited state absorption (ESA) band peaking near 410 nm, and extending to longer 

wavelength, rises at early time delays as the partially overlapping SE feature decays in 

amplitude.  Its maximum intensity is greater in CYCH than in MeOH, ACN and DMSO solutions, 

and it closely resembles a prominent ESA band observed in TEAS studies of oxybenzone that 

was assigned to an S1-keto form.15 On the basis of this evidence, and electronic structure 

calculations of the absorptions from the S1 enol and keto forms (see Figure 4-11), the 410-nm 

ESA band seen for DHHB solutions is assigned to the S1-keto product of ESHT. A broader ESA 

band extending to longer wavelength is instead attributed to the S1-enol form. Hence, ESHT 

is not the only observed pathway after photoexcitation, and both S1 keto and enol forms 

contribute to the TEA spectra. 

 

 

Figure 4- 11. Simulated UV-Vis absorption spectra of the optimized S1-keto and S1-enol 
tautomers are shown by blue and red bars, respectively. An experimental TEA spectrum of 
DHHB in methanol obtained at a time delay of 5 ps is shown by the black solid line. 
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Spectral Decomposition and Kinetic Analysis of TEAS data:  The decomposition of DHHB TEA 

spectra obtained in the polar solvents into constituent absorption bands is achieved using five 

spectral basis functions.  One of these functions models the time-evolution of the SE, and 

another one accounts for the changing intensity of the 410-nm ESA band of the S1-keto DHHB. 

The third basis function describes changes to the ground-state bleach (GSB) feature evident 

at wavelengths around 360 nm.  The fourth accounts for long wavelength spectral features, 

and it thus includes the long-wavelength ESA feature assigned to the S1 enol (see above) at 

early time delays. Finally, the fifth basis function is used fit the late time spectra and grows 

with a fixed time constant chosen to be close to the S1-enol lifetime.  It is interpreted as 

representing ESA from triplet states (see below). For the decomposition of DHHB TEA spectra 

obtained in CYCH, a SE basis function was not required.  None of the spectra shown in Figure 

4-8 show any evidence of SE from the S1 keto state in the probe wavelength window.  Any 

such SE bands would be expected to decay on the same timescale as the loss of the S1 keto 

ESA. Further details of the basis functions used are provided in the caption of Figure 4-12, and 

examples of the decomposition of TEA spectra in methanol and CYCH are illustrated in Figure 

4-12. 
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Figure 4- 12. Examples of decomposition of TEA spectra of DHHB in methanol (left) and 
cyclohexane (right) at time delays of ∆t= (a) 0.3 ps, (b) 1.1 ps, (c) 12 ps and (d) 50 ps.  The 
spectral decompositions used the KOALA program. The solid black line is the experimental 
spectrum, and the dotted navy line is the total fit from a combination of five basis functions 
(shown in grey, red, blue, green and purple). The grey basis function is used to simulate the 
kinetics of the GSB. The red basis function tracks the kinetics of ESA around 410 nm assigned 
to the S1-keto tautomer. The blue basis function accounts for the kinetics of SE, and the 
green basis function fits the features in TEA spectra assigned to the S1 enol. Finally, the 
purple basis function is extracted from the late-time spectra where triplet signals dominate. 
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Figure 4-13 shows how the wavelength-integrated intensities of the basis functions fitted to 

the evolving TEA spectra change with time. The first three data points (∆t= 0.25, 0.3, 0.35 ps) 

in polar solvents showed unreasonably sharp decay or growth, which is attributed to fitting 

artefacts from the overlap of the basis functions.  These first three time points were therefore 

excluded in subsequent kinetic fitting. The kinetics of the GSB, S1-keto and S1-enol 

components were globally fitted to extract exponential time constants reported in Figure 4-

13 and Table 4-1. The kinetics of SE decay are mono-exponential in MeOH, DMSO and ACN.  

Although an SE basis function was not used to fit TEA spectra in CYCH, an early time rise in 

the intensities of the S1 ESA features evident in Figure 4-13(d) is suspected to derive from 

decay of a weak, overlapping SE contribution. Therefore, the time constant for DHHB S1 SE 

 

Figure 4- 13.  Time dependence of the wavelength-integrated intensities of GSB (black), ESA of 
keto (red), SE (blue) and ESA of enol (green) features for UV-photoexcited DHHB in: (a) 
methanol, (b) acetonitrile, (c) dimethyl sulfoxide and (d) cyclohexane. The time constants 
obtained from exponential fits are shown in each panel.  The integrated intensities are derived 
from spectral decomposition of TEA spectra shown in Figure 4-4 using methods described in 
the main text. 
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decay in CYCH is estimated from global fitting of a shared time constant to the early time 

changes in S1-keto, S1-enol and GSB band intensities.  

From this kinetic analysis, the time constants obtained for DHHB S1 SE decay (SE) range from 

400 fs (in MeOH and ACN) to almost 800 fs (in DMSO), and the time constants for the ESA 

decays (Keto and Enol, corresponding to the S1 keto and enol contributions) are in the range 

of 7 to 23 ps, also with dependence on the solvent. The time constants extracted from TEAS 

analysis are summarized in Table 4-1.  

 
MeOH ACN DMSO CYCH 

𝜏GSB (from TEAS) 12.2 ± 0.6  11.5 ± 0.2  18.9 ± 1.6  11.5 ± 0.2  

𝜏Keto 13.6 ± 0.3  14.3 ± 0.1  23.2 ± 0.6  10.2 ± 0.1  

𝜏SE 0.42 ± 0.12  0.26 ± 0.12  0.77 ± 0.12  0.43 ± 0.12  

𝜏Enol 12.6 ± 0.3  11.9 ± 0.1  19.0 ± 0.3  7.0 ± 0.1  

𝜏GSB (from TVAS) 14.7 ± 0.4  14.8 ± 0.3  25.0 ± 0.8  12.5 ± 0.2 

Table 4- 1. Relaxation time constants (ps) obtained from TEAS and TVAS in four solvents.  𝜏SE,  

𝜏Keto, 𝜏Enol and 𝜏GSB are time constants for SE decay, ESA of the S1 keto decay, ESA of the S1 

enol decay, and S0 enol GSB recovery respectively. In CYCH, SE is not clearly observed, but an 

early time rise in the ESA intensity is attributed to loss of overlapping SE signal.  

In prior oxybenzone studies, a time constant of ~400 fs was attributed to torsional motion in 

the S1-keto form as it relaxed to its minimum energy twisted geometry.15-17 However, in the 

case of DHHB our calculations show a preferred S1-keto structure that maintains the near 

planarity of the OH and carbonyl groups, with the relaxed S1 enol instead showing the 

corresponding twisted structure (Figure 4-5 and 4-6). The SE = 300 fs – 800 fs time constants 

reported here are therefore assigned to the torsional motion of the S1-enol tautomer, as is 

illustrated in Figure 4-7, while it undergoes relaxation to the S1-enol minimum energy 

structure.  Any excess energy in the initially photoexcited S1 DHHB will evolve into vibrational 

excitation and then be dissipated to the solvent bath. The time constants for decay of SE 

features apparently relate to solvent viscosity: in the more viscous DMSO, SE = 770 fs is 

consistent with greater resistance from the solvent to the incipient C-C bond twisting.  

The time constant for excited-state hydrogen atom transfer (ESHT) is expected to be 100 - 200 

fs on the basis of observations in similar compounds.34, 35 For example, ESHT dynamics in other 

common sunscreen molecules like homosalate, oxybenzone and methyl salicylate are 
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reported to occur within 200 fs.16, 36, 37 ESHT in DHHB  on such timescales is not directly 

observed in the current measurements, but is compatible with quenching of most of the SE 

from DHHB (S1 enol) in CYCH within the ~150 fs TEAS instrument response.  

The ESHT is suggested to be inhibited in polar solvents because of disruption of the 

intramolecular hydrogen bond in DHHB. The calculated PESs along the ESHT coordinate 

(Figure 4-10), obtained using the CPCM solvation model, predict an ESHT barrier in methanol, 

but no such barrier in CYCH.  In the latter solvent, the majority of photoexcited DHHB 

molecules therefore undergo ESHT, converting to the S1-keto form within 200 fs. A minor 

fraction of photoexcited DHHB remains in the S1-enol form to undergo structural relaxation 

via C-C bond torsion   In contrast, in the polar solvents,  ESHT dynamics are proposed to occur 

more slowly (i.e. >200 fs). The more prominent SE from the S1-enol form of DHHB observed 

in the spectra in Figures 4-8(a)-(c) is consistent with competition between this slower ESHT 

and the aforementioned torsional dynamics about the C-C bond that drive the S1 enol towards 

its lowest energy.  As is noted above, evidence for this competition comes from the ESA bands 

assigned to both S1-keto and S1-enol tautomers.  As the S1-enol form twists from its initially 

excited form in the Franck-Condon region, it drops in energy and the energy of the 

corresponding S1-keto form increases (see Figure 4-7).  Hence the torsional motion rapidly 

switches off the ESHT pathway, leaving populations of the S1 enol (in a twisted geometry) and 

the S1 keto to evolve separately thereafter.  

The later time TEA spectra of DHHB in DMSO shown in Figure 4-7(c) differ from those obtained 

in MeOH and ACN, and they are instead more similar to those obtained for solutions in CYCH. 

The weak, long-wavelength features observed are discussed below. These similarities are 

consistent with slower C-C bond torsion in the more viscous DMSO providing a more extended 

window of opportunity for ESHT than for DHHB solutions in MeOH and ACN. The 𝜏Enol = 7 – 20 

ps time constants for decay of S1-enol ESA, with values depending on the solvent, are 

attributed to electronic relaxation of the excited DHHB from its S1-enol to the S0 electronic 

ground state.  The relaxation pathway is likely to involve a conical intersection between the 

S1 and S0 states with a twisted central C-C bond (Figure 4-7), and the time constants of GSB 

recovery, 𝜏GSB, in TEAS are consistent with the 𝜏Enol values (Table 4-1), except perhaps in CYCH 

where S1-keto relaxation is argued to be more significant. The 𝜏Keto= 10 - 23 ps time constants 

for S1 keto decay are consistently slightly longer than the corresponding 𝜏Enol values in the 
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same solvent.  The differences may result from an alternative decay pathway mediated by a 

separate CI in the keto form, or delayed reverse ESHT to repopulate the S1-enol form before 

S1 → S0 relaxation. 

4.3.3 Transient vibrational absorption spectroscopy of DHHB 

Ground-State DHHB Recovery: The electronically non-adiabatic dynamics of S1 → S0 

relaxation were studied further with the aid of TVA spectra, examples of which are shown in 

Figure 4-14 for DHHB in various solvents.  On the basis of bands observed in steady state FTIR 

spectra (Figure 4-15), the negative-going transient absorption bands around 1633 cm-1 and 

1725 cm-1 are assigned as ground state bleaches arising from photoexcitation of DHHB (S0). 

The GSB in CYCH recovers nearly to baseline within the limiting 1200 ps time delay of the 

measurements, indicating that most of the photoexcited DHHB relaxes back to the ground 

state. In contrast, noticeable GSB features remain at the later time delays in all the polar 

solvents. In addition to these remaining GSB features, there are positive bands in the TVA 

spectra round 1600 cm-1 at these later times for DHHB dissolved in the polar solvents. 

 

 

Figure 4- 14. TVA spectra of DHHB in: (a) methanol; (b) acetonitrile; (c) dimethyl sulfoxide; and 
(d) cyclohexane. The colour key in panel (a) shows the time delays corresponding to different 
spectra.  The near-UV excitation (pump) wavelengths used are specified in the panels. 
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Figure 4- 15. FTIR spectra of DHHB in (a) acetonitrile (ACN), (b) cyclohexane (CYCH) and (c) 
methanol (MeOH), focusing on the carbonyl stretching region.  The peaks at 1700 - 1750 
cm-1 are assigned to the carbonyl group of the ester substituent and their positions are 
sensitive to the solvent polarity.  Splitting of the band in MeOH may reflect environments 
with and without H-bonding of MeOH to the carbonyl group.  The peaks at about 1630 cm 

-1 are assigned to the central carbonyl group and are less affected by solvent choice 
because of intramolecular hydrogen bonding. 
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The kinetics of the GSB recoveries obtained by integrating the intensities of the features 

centred at ~1633 cm-1 are shown in Figure 4-16, together with single-exponential fits with 

offsets.  Values of the resulting time constants (GSB from TVAS) are reported in Table 4-1; 

these values are in the 12 - 25 ps range, and are slightly longer than those extracted from the 

analysis of TEA spectra.  Hence, they are assigned to S1 → S0 relaxation via one or more conical 

intersections. The GSB recovery in TVAS is obtained from repopulation of S0 molecules in their 

lowest vibrational level, so the recovery time constants will be affected by vibrational cooling 

in the S0 state, as well as reflecting the kinetics of S1 → S0 electronic relaxation which are 

derived from the TEAS analysis. 

 

Minor Photoproduct Formation: The electronic structure calculations show the optimized S1-

enol structure is twisted, and S1 to S0 internal conversion via a conical intersection is proposed 

to occur in this region. Hence, as the molecules relax through the CI to repopulate the S0 state, 

the C-C bond could keep twisting to form a trans-enol S0 isomer instead of reverting to the 

 

Figure 4- 16. Kinetics of DHHB ground-state bleach recovery for the band with centre at ~1633 
cm-1 in: (a) methanol, (b) acetonitrile, (c) dimethyl sulfoxide and (d) cyclohexane.  Single 
exponential time constants from fits shown as solid lines are reported in each panel. 
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minimum energy S0 geometry. Figure 4-17 compares calculated IR spectra of the trans-enol 

and trans-keto forms of DHHB (S0) with the late time TVA spectra of DHHB in methanol. The 

positive peaks at ~1600 cm-1 observed at later times in polar solvents are better assigned to 

trans-enol DHHB (S0) photoproducts, thereby accounting for the incomplete recovery of the 

GSB features. A computational relaxed-geometry energy scan along the dihedral angle of the 

C(OH)–C–C=O portion of a DHHB molecule in the ground electronic state shows that the trans-

enol is a metastable photoproduct because it must overcome a barrier to revert to the 

minimum energy structure (Figure 4-18).  In contrast to DHHB, similar dynamics in 

photoexcited oxybenzone drive passage through an S1 / S0 conical intersection corresponding 

to a twisted S1-keto structure, and further torsional dynamics on the S0 potential energy 

surface lead to a minor trans-keto photoproduct.15, 17  These differences between oxybenzone 

and DHHB relaxation pathways arise because in oxybenzone it is the S1-keto form that has a 

twisted minimum energy structure, whereas in DHHB it is the S1-enol form.  The geometries 

of the conical intersections connecting these S1 minima to the S0 state influence the minor 

photoproduct isomers that form.  

The absence of a band at 1600 cm-1 in TVA spectra for DHHB in CYCH is consistent with a 

greater propensity for ultrafast ESHT in the S1 state. Decay from the resulting S1-keto form is 

therefore proposed to be via an alternative pathway to the S1 / S0 conical intersection 

discussed above, which is argued to be located towards the twisted S1-enol minimum energy 

structure. The GSB recovery approaches 98% in CYCH, and there is no obvious signature of 

trans-enol photoproduct formation. The remaining 2% is thus most likely to be a consequence 

of minor branching to triplet states of DHHB, and we suggest below that the outcome is 

population of the keto form of the T1 state.  In polar solvents, the GSB recoveries are about 

95%, with the remaining 5% attributed in part to the trans-enol photoproducts seen by TVAS.  

The remainder is suggested to be a consequence of population of photoexcited triplet states, 

direct evidence for which comes from the TEAS measurements.  
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Figure 4- 17.  (a) Late time TVA spectra of DHHB in methanol.  A positive signal near 1600 
cm-1 indicates a photoproduct, and the negative signal near 1630 cm-1 results from depletion 
of parent molecules (i.e. a ground state bleach). (b) A simulated late time TVA spectrum for 
the possible trans-keto (tK) photoproduct is obtained from the calculated and scaled tK 
vibrational spectrum by subtracting the calculated IR spectrum of ground-state DHHB. (c) A 
similar procedure generates the simulated late time TVA spectrum of the possible trans-enol 
(tE) photoproduct. 
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Figure 4- 18. Relaxed scan along the dihedral angle of the C(OH)-C–C=O moiety from the 
optimized S0-enol DHHB, for which the dihedral angle is 7°.  Calculations used a CPCM for the 
solvent methanol. The proposed minor photoproduct, the trans-enol isomer occupies a local 
energy minimum when the dihedral angle is around 150°.  The barrier to recovery of the 
minimum energy isomer of DHHB (S0) suggests that the trans-enol isomer has a lifetime beyond 
the range of our experimental delay times of up to 1300 ps.  
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4.3.4 Triplet state population and quenching 

The later time (>1000 ps) TEA spectra shown as insets in Figure 4-8 differ in their finer details 

in the various solvents. In MeOH, there is a long-lived absorption extending beyond 550 nm, 

whereas there is only weaker absorption beyond 600 nm for DHHB in CYCH. On the basis of 

electronic structure calculations, and quenching experiments described below, the longer-

lived band seen at wavelengths beyond 550 nm is assigned to the T1 state of DHHB.  Data 

presented in Figure 4-19 show that the triplet-state ESA in methanol can be quenched by 

 

Figure 4- 19.  Plots of averaged late-time (500 – 1200 ps) TEA spectra of: (a) DHHB with added 
octocrylene (OCT, in 20-fold excess) and (b) DHHB in methanol. The insets display the individual 
spectra, and the colour key shows the time delays corresponding to each spectrum.  
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adding octocrylene, which is a common UVB absorber additive in sunscreen products. Further 

quenching tests were performed with trans--methylstyrene, which has a similar triplet-state 

energy to DHHB, and the TEA spectra of these mixtures are shown in Figure 4-20.20, 38  Again, 

the longer-lived signal in the long wavelength region was quenched.  

 

Figure 4- 20. TEA spectra of DHHB obtained in methanol with added trans-beta-
methylstyrene (TBM, 2000 equivalents). The late time TEA spectra are shown on an 
expanded scale in the inset at the top right to highlight the weakness of any long 
wavelength absorption features attributed to the triplet enol.  

 

Just as for the singlet manifold of states, triplet spin state DHHB can exist in enol and keto 

forms.  The computed UV-Vis absorptions of T1 enol and T1 keto DHHB are shown in Figure 4-

22. Guided by these calculations, the long wavelength ESA feature observed at later times in 

methanol is assigned to the T1 enol, because the calculated absorption bands of the T1 keto 

form are located mainly in the 400 - 500 nm wavelength region.   
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Figure 4- 21.  Calculated UV-Vis ESA spectra for DHHB (T1) in its enol and keto forms with 
CPCM treatment of the solvent in methanol and cyclohexane.  (a) calculated T1 enol (red 
bars) in methanol, and a comparison with a late-time experimental TEA spectrum (dark 
red). (b) calculated T1 keto (brown bars) in methanol, and a comparison with an averaged 
late time spectrum with octocrylene (dark brown) from Figure 7 in the main text. (c) 
calculated T1 keto (light blue bars) in cyclohexane, and a comparison with a late time 
experimental TEA spectrum (dark blue).  The sharp features (at ~360 nm in methanol, at 
~375 nm in the spectrum with octocrylene, and at ~345 nm in cyclohexane) are attributed 
to small amounts of pump laser scattering. 

As Figure 4-19 shows, in the presence of octocrylene only a 400 - 500 nm ESA feature remains 

in the long-time spectra, which is attributed to the T1-keto form of DHHB.  Unlike the T1-enol 

DHHB, this T1-keto tautomer is not quenched by octocrylene because its triplet-state 
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excitation energy is significantly smaller than that for the T1 enol relative to their 

corresponding S0 tautomers.  The S0-keto tautomer lies higher in energy than the S0 enol, 

whereas the energy ordering is reversed in the T1 state.  Hence, the T1 – S0 energy gap in the 

keto form is insufficient to sensitize the octocrylene or trans--methylstyrene. The late time 

TEA spectra in CYCH (Figure 4-21) mainly show T1 keto signals, consistent with the proposition 

that ESHT from S1-enol to S1-keto forms is more significant in CYCH. In DMSO, the T1-enol 

absorption is weaker than in the other polar solvents, and the late time spectra look similar 

to those obtained in CYCH. These observations are taken as further evidence that that the 

more viscous solvent environment in DMSO slows down C-C twisting in the S1 enol and instead 

promotes ESHT. 

Transient absorption spectra of DHHB in ethanol, obtained at time delays of 0.3 - 1.2 µs by 

Shamoto et al. show a broad ESA signature peaking near 400 nm and extending up to ~500 

nm that resembles the ESA band assigned here to the T1-keto tautomer.20 Mechanistic 

arguments suggest the T1-enol tautomer should be preferentially formed in protic solvents 

(e.g. MeOH or ethanol) which suppress the ESHT, but in the T1 state, the keto form is 

computed to lie lower in energy than the enol form.  Hence, it is possible that the T1 enol 

undergoes hydrogen transfer to the T1 keto with a nanosecond to microsecond time constant 

that is outside the time window of the reported ultrafast spectroscopy experiments but 

accessible to the measurements of Shamoto et al.  In their experiments using DHHB in 3-

methylpentane, this T1 keto ESA was not observed, which suggests either that the T1 keto 

lifetime is < 0.3 s, or that S1-state ESHT (favoured in non-polar solvents) hinders the 

intersystem crossing (ISC) from singlet to triplet states. The combined evidence from this prior 

and the current work points to the ISC occurring from the vicinity of the twisted S1-enol 

geometry, in competition with internal conversion to S0 via a conical intersection.  However, 

the later time TEA spectra of DHHB in CYCH do not show the ESA features assigned to the T1-

enol form, although bands are evident which could correspond to the T1-keto form (on the 

basis of the aforementioned calculations). Thus, there may also be an accessible ISC pathway 

from the S1-keto to the T1-keto forms.  
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 4.4 Conclusions 

 Ultrafast transient absorption spectra of the sunscreen compound DHHB, photoexcited at 

wavelengths around 360 nm and 345 nm, differ significantly in polar and non-polar solvents. 

In the non-polar cyclohexane, ESHT happens in <200 fs from the Franck-Condon region of the 

S1 state, converting the S1-enol to the S1-keto form, and is the main dynamical pathway. 

Evidence is presented from TEA spectra that a small fraction of the S1-keto intermediate 

subsequently populates the T1 state in its keto form via intersystem crossing. However, TVA 

spectra show that >98% of the photoexcited DHHB relaxes back to the ground state with an 

exponential time constant of ~12ps. In three chosen polar solvents, methanol, acetonitrile 

and DMSO, disruption of the intramolecular hydrogen bond in DHHB inhibits ESHT from the 

initially excited S1-state enol. Therefore, a greater proportion of the photoexcited DHHB 

retains its S1-enol character and relaxes by C-C bond torsion that quenches stimulated 

emission bands observed by TEAS with a solvent-dependent time constant of 300 – 800 fs. A 

small fraction (5%) of the twisted S1-enol intermediates undergoes intersystem crossing to 

the T1 enol, which is observed by TEAS at later time delays.  This T1 enol population can be 

quenched by adding octocrylene (a UVB absorber), showing that sunscreen formulations 

containing both DHHB and octocrylene can influence the sun protection efficiency. The 

octocrylene should inhibit build-up of undesirable DHHB (T1) photoproducts, but could itself 

be sensitized to an excited triplet state in the process.  A competing photoproduct, the trans-

enol isomer of DHHB, is formed via a conical intersection between the S1 and S0 states, and is 

directly observed in low yield by TVAS of photoexcited DHHB in polar solvents. The remaining 

95% of photoexcited DHHB relaxes back to the minimum energy structure on the S0 ground-

electronic state with a time constant of ~15 ps that is associated with a combination of S1-

state decay and vibrational cooling of internally excited S0 molecules. Although DHHB and 

oxybenzone are structurally similar, differences in their S1 PESs for keto and enol forms 

substantially change the relaxation pathways that are essential for good sunscreen 

performance.  
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 Chapter 5. Phenyl cation generation from photodissociation of 

chlorobenzene 

 

 5.1 Introduction  

The phenyl cation is a reactive intermediate with wide applications in organic syntheses and 

nitrogen capture.1-5 It has low-lying singlet and triplet spin-states, and details of the reactivity 

and applications of phenyl cations in these two states are presented in Chapter 1.4. Recent 

reports suggest that phenyl cations can be generated from UV photodissociation of phenyl 

halides,1, 6 in competition with the well-known homolytic C-X (X = halogen) bond fission of 

organohalides to make radical fragments. Therefore, the work presented in this chapter 

focuses on the photochemistry of chlorobenzene to explore this possibility. 

Photodissociation of chlorobenzene has previously been studied with time-resolved mass 

spectrometry in the gas phase and using quantum-chemical computations.7 Chlorobenzene 

can be photo-dissociated directly by excitation at 193 nm because the S4 state reached is a 

repulsive (nσ*) state that is dissociative along the C-Cl bond without a barrier.7-9 Moreover, 

photodissociation of chlorobenzene has been reported to take place with UV radiation at 

longer wavelengths around 248 nm to 266 nm where the S1 state is populated.10-13 Because 

the S1 state is a bound (ππ*) state, the dissociation is assumed to happen after intersystem 

crossing or internal conversion to different electronic states. Crossings to repulsive states like 

the S4 and the T5 states are accessible from the S1 state when the excitation wavelength is 

248 nm or shorter. However, the photon energy corresponding to 266 nm excitation is 

insufficient to reach the conical intersections or crossings to these repulsive states, so the 

photodissociation pathway following 266 nm excitation is via the vibrationally hot ground 

state and slower.7, 11, 12 The potential energy surfaces of chlorobenzene along the C-Cl bond 

extension coordination calculated by Liu et al. with multireference complete active space self-

consistent-field second-order perturbation theory (MSCASPT2) are shown schematically in 

Figure 5-1.7  
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Figure 5- 1. The potential energy surfaces of chlorobenzene plotted along the C-Cl bond 

extension coordinate.7 A repulsive state, S4 (red dashed line), can be populated with 

excitation at 193 nm, and it leads to direct photodissociation. With excitation at 248 nm, a 

crossing to the T5 repulsive state (blue dashed line) is accessible for photodissociation. The 

dissociation pathway from the low vibrational levels of the S1 state is likely to occur via the 

vibrationally hot S0 state after internal conversion. 

In the gas phase, two time constants for relaxation of photoexcited chlorobenzene in the S1 

state were observed by time-resolved mass spectrometry after 266-nm photoexcitation. 

These time constants were assigned as intramolecular vibrational energy redistribution on a 

sub-picosecond (0.15- 0.35 ps) timescale, and the sub-nanosecond (0.75- 1 ns) lifetime of the 

S1 state .11, 14 In cyclohexane solution, the fluorescence lifetime of the chlorobenzene S1 state 

is similar, and the lifetime of the triplet state in cyclohexane was measured using 

phosphorescence and transient absorption spectroscopy to be about 1 μs.6, 15 
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The photoproducts of chlorobenzene in the gas phase are suggested to be a phenyl radical 

and a chlorine radical,10, 12 and homolytic bond cleavage is also expected in weakly interacting 

solvents such as cyclohexane because the ion-pair states of chlorobenzene cannot be reached 

with the excitation wavelengths used here.16 Using nanosecond laser spectroscopy, Da Silva 

et al. proposed the mechanism of phenyl cation formation in solution to be electron transfer 

between a phenyl radical and a chlorine radical trapped in a solvent cage before diffusing 

apart (Figure 5-2).17, 18 However, the electron transfer step was not observed directly with 

their nanosecond laser methods. Moreover, the ionisation energy of a phenyl radical to 

produce a phenyl cation is more than 8 eV,19 and the electron affinity of a chlorine atom is 

3.6 eV.20, 21  Therefore, the mechanism would require a significant amount of energy, and it is 

not likely to be energetically feasible unless the ionic products are very strongly stabilised by 

a polar solvent and by their mutual Coulomb attraction at short range. 

Phenyl radicals can abstraction a hydrogen atom from solvent molecules like cyclohexane, 

ethanol or acetonitrile, with solvent radicals formed.17 On the other hand, the phenyl cation 

is reactive with acetonitrile and nucleophiles.22, 23  Therefore, inert solvents like 

perfluorohexane are chosen for the current transient absorption spectroscopy study in place 

of more commonly used organic solvents.  Perfluorohexane does not react with intermediates 

such as carbenes,24, 25 and is likely to be unreactive towards phenyl cations. Moreover, 

fluorocarbons like perfluorohexane can dissolve significantly larger amounts of gases such as 

O2 or N2 than other solvents,26 which could enable observation of nitrogen capture by phenyl 

cations. In addition, the effects of different substituent groups on the para site of 

chlorobenzene will be studied because the substituent can affect the stabilities of phenyl 

cations and the energy gaps between the singlet and triplet states of the cation.4, 6, 27, 28 This 

 

Figure 5- 2. Proposed photochemistry steps of chlorobenzene. Photoexcited chlorobenzene 

undergoes homolysis into a radical pair in a solvent cage, and it can rebind to recover the 

parent molecule. The radical pair might form an ion pair by electron transfer while in the 

solvent cage, or the two radicals can diffuse apart.  
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chapter reports the transient electronic absorption spectra of chlorobenzene and 1-chloro-4-

(trifluoromethyl)benzene in solution, and possible future directions of this project are 

discussed.  

 

 5.2 Experimental method 

Chlorobenzene (PhCl, Acros Organics, 99.9% for HPLC) and 1-chloro-4-

(trifluoromethyl)benzene (CF3PhCl, Alfa Aesar, 98+%) were used as received, and were 

dissolved in cyclohexane (Acros Organics, 99+% for spectroscopy) or perfluorohexane 

(Aldrich, 99%) using an ultrasonic bath to make 0.2 M solutions. For transient electronic 

absorption spectroscopy studies, and for measurements of steady state UV-Vis absorption 

spectra with a GENESYS 10S UV−vis spectrophotometer (Thermo Scientific), the sample 

pathlength was set using 200-μm-thick polytetrafluoroethylene (PTFE) spacers. For FT-IR 

spectra measured by a Spectrum Two FTIR Spectrometer (PerkinElmer), the PTFE spacers 

were 100-μm thick. Further details of the transient absorption spectroscopy methods were 

provided in Chapter 2. DFT calculations using the CAM-B3LYP/aug-cc-pVTZ level of theory 

were applied to obtain energies and vibrational frequencies of the ground state species,29-33 

and the TD-DFT CAM-B3LYP/aug-cc-pVTZ method was used to simulate the optimised 

structure and the vibrational frequencies of the species in their electronically excited states.34, 

35 All the calculations were performed using the Gaussian 09 package.36  
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 5.3 Results and discussion 

 

Figure 5- 3. The UV-Vis absorption spectra of (a) chlorobenzene in cyclohexane, (b) 

chlorobenzene in perfluorohexane (PFH), and (c) 1-chloro-4-(trifluoromethyl)benzene in 

PFH. The sample pathlengths are 200 μm, and the concentrations are 0.2 M.  

The steady state UV-Vis absorption spectra of PhCl and CF3PhCl are shown in Figure 5-3. 

Vibrational structures in the electronic absorption bands can be seen in the spectra, and the 

pump wavelength for transient electronic absorption spectroscopy is chosen to be 245 nm or 

270 nm. With 245 nm excitation, the crossing point from the S1 state to the repulsive T5 state 

is energetically available, whereas the main photodissociation is via the vibrationally hot 

ground state for excitation at 270 nm.7 The transient electronic absorption (TEA) spectra of 

PhCl in cyclohexane and perfluorohexane with pump laser wavelengths of 245 nm and 270 

nm are shown in Figure 5-4. The most noticeable difference between the TEAS data in 

cyclohexane and perfluorohexane is the prominence of the band centred near 540 nm rising 

significantly at mid-time delays (~100 ps) and decaying when perfluorohexane is the solvent. 

When it comes to pump wavelength dependence, the early time (∆t= 0.35 ps) TEA spectra do 

not change dramatically, but some differences are apparent between the TEA spectra in 

cyclohexane with excitation at 245 nm and 270 nm.  The rising feature at around 540 nm is 
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slightly stronger with a 270 nm pump wavelength than with 245 nm excitation, and the late 

time TEAS (∆t= 1200 ps) measurements in cyclohexane solutions excited with 270 nm (Figure 

5-4b) show a peak at 400 nm. On the other hand, there are two peaks at 375 nm and 480 nm 

in the late time spectrum for PhCl in cyclohexane excited at 245 nm (Figure 5-4a). However, 

any pump wavelength dependence is not obvious in perfluorohexane.  

 

 

 

 

 

 

Figure 5- 4. Transient electronic absorption spectra of chlorobenzene in (a) cyclohexane 
with excitation at 245nm, (b) cyclohexane with  excitation  at 270 nm, (c) perfluorohexane 
with  excitation  at 245 nm and (d) perfluorohexane with  excitation  at 270 nm. The time 
delays of spectra are shown in the colour keys in panel (b). 
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The TEA spectra are spectral decomposed using the KOALA software package to extract 

kinetic information.37  Examples of this spectral decomposition are shown in Figure 5-5. The 

analysis uses 3 basis functions for each set of TEA spectra for chlorobenzene in the two 

different solvents and for the two separate excitation wavelengths. The first basis function is 

chosen to be the TEA spectrum at an early time delay when the S1 state is populated and has 

not evolved to different states; the magnitude of this contribution to the overall spectrum at 

any time delay will represent the S1 state population. The second basis function is chosen to 

capture the band around 540 nm and is obtained as the difference between spectra measured 

at mid- and early time delays, the latter scaled to account for loss of S1 absorption.  It fits the 

feature observed to rise at mid time delays, which becomes prominent in the late time 

spectra.   A late-time spectrum was chosen for each set of experimental conditions to describe 

absorption by photoproducts in the decomposition of TEAS data sets. The product spectra 

 

Figure 5- 5. Examples of spectral decomposition of TEA spectra of chlorobenzene for the 
solvents, time delays and excitation wavelengths shown in each panel. The grey solid line 
is an experimental spectrum, and the purple dotted line is the total fit spectrum that is the 
sum of three basis functions: the S1 state absorption (red), the intermediate absorption 
(blue) and the products’ absorption (green). 
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obtained at longer time delays appear to be distinguishable for different pump wavelengths 

in cyclohexane, as can be seen in Figure 5-5, which may suggest that the dissociation 

pathways are different for excitation at 245 nm and 270 nm. In contrast, the product spectra 

in perfluorohexane do not change obviously with different excitation energies, which 

suggests that the dissociation pathway in perfluorohexane does not change with different 

excitation energies. Again, a late-time spectrum was chosen to be the spectral basis function 

describing the absorption by the photoproducts in PFH solutions.   

 The integrated intensities associated with the fitted basis functions are normalised and 

plotted as a function of time, and the time constants with errors are obtained from 

exponential fitting of the kinetic traces shown in Figure 5-6. The kinetic model used here for 

fitting is based on a consecutive reaction model, that is, 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 → 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 →

𝑝𝑟𝑜𝑑𝑢𝑐𝑡 where the S1 state corresponds to the reactant. However, the kinetics of the S1 show 

 

Figure 5- 6. The kinetics derived from spectral decomposition of TEA spectra for 
chlorobenzene in (a) cyclohexane with 245 nm excitation, (b) cyclohexane with 270 nm 
excitation, (c) perfluorohexane with 245 nm excitation, and (d) perfluorohexane with 270 
nm excitation.  These kinetic traces are globally fitted with exponential functions modelling 
sequential reaction kinetics (see main text) and shown in the corresponding colours in each 
panel to extract the time constants listed.  
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bi-exponential decay, with a fast initial decay component, so an extra time constant is added 

to the fit function for the S1 state population. The first of the S1 decay time constants (τ0) is 

around 1 ps, which is assigned as intramolecular vibrational energy redistribution, and the 

second time constant (τ1) of around 600 – 800 ps is assigned as the lifetime of the S1 state 

because it is similar to the literature value (~750 ps -1ns) reported for gas-phase PhCl when 

the pump wavelength is 270 nm.11, 14, 15 This second time constant is slightly smaller following 

245 nm excitation in cyclohexane, which could be a result of a component of dissociation by 

crossing to a repulsive state.7 However, this pattern cannot be seen for the corresponding 

measurements made in perfluorohexane; instead, the time constant for the S1 state lifetime 

does not change significantly with different excitation wavelengths.  

The kinetics of the intermediate absorption band show a rise and a decay. At each excitation 

wavelength and for each solvent, the decay of the S1 population, the growth and decay of the 

intermediate and the rise in product absorption can all be fitted with the same two values for 

the time constants 1 and 2, as shown in Figure 5.6. The late-time basis function for the 

spectral decomposition could therefore represent products of the photochemistry such as 

aryl radicals, or alternatively triplet-state PhCl formed directly from the S1 state or via the 

currently unassigned intermediate species. For instance, the phenyl radical absorbs at ~400 

nm,38, 39 and it can react with oxygen dissolved in solution and form a phenylperoxyl radical 

absorbing  around ~460 nm.17 Absorption by the T1 state population following intersystem 

crossing from the S1 state has been assigned to appear at wavelengths around 300 nm, and a 

shoulder of the T1 state absorption band may be observed extending into our probe window.6, 

17  

The identity of the species responsible for the absorption described by the intermediate basis 

function remains unknown, but some candidates can be discounted, and alternative 

suggestions are made here. The amplitude of the contribution from this intermediate basis 

function is larger for PhCl photoexcited in perfluorohexane compared to cyclohexane, and it 

may therefore be related to the unique properties of perfluorohexane, namely high gas 

solubility and chemical inertness. Perfluorohexane can dissolve much more gaseous nitrogen 

and oxygen than cyclohexane, so the intermediate band might plausibly arise from 

compounds contained nitrogen or oxygen such as a diazonium cation or phenylperoxyl 

radical. However, those compounds do not absorb around 560 nm where the intermediate 

absorption peaks.17, 23, 40 When it come to the inertness of perfluorohexane, the radical pairs 
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formed after photodissociation  will not react with the solvent, whereas cyclohexane can 

undergo hydrogen abstraction by a phenyl radical or a chlorine radical forming a cyclohexyl 

radical and benzene or HCl.17 Therefore, the radical pairs may have longer lifetimes to 

undergo electron transfer and form a phenyl cation and chloride anion (i.e. an ion pair) in 

perfluorohexane. Moreover, the phenyl cation has singlet and triplet spin states. The singlet 

phenyl cation is more stable than the triplet counterpart, and CASPT2/cc-pVDZ calculations 

suggest that the singlet phenyl cation absorbs at 186 nm which is beyond our measurement 

window.41 However, the geometry of the triplet phenyl cation is close to that of the phenyl  

radical, so it might be an intermediate between phenyl radical and singlet phenyl cation 

formation, with a lifetime that is expected to be short although the dynamics have not been 

simulated.42 In addition to an ion pair which is considered as two separated ions, the 

intermediate absorption may come from a charge transfer band of a complex with ion-pair 

character, denoted here as Ph+-Cl-. The corresponding complexes of tetrachloromethane and 

chloroform (referred to in the photochemistry and pulsed radiolysis literature as iso-CCl4 and 

iso-CHCl3 because they are isomers of CCl4 and CHCl3, respectively) exhibit strong ion pair 

character (e.g. Cl--ClCCl2+) and have very strong absorptions around 500 nm that closely 

resemble the intermediate features seen here for PhCl.43, 44  In addition to the similarity of 

these distinctive spectral signatures, further evidence for the charge-transfer complexes 

would require the energic feasibility to be investigated with computations.  
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The TEA spectra of 1-chloro-4-(trifluoromethyl)benzene (CF3PhCl) were also measured in 

cyclohexane and perfluorohexane following excitations at 245 nm and 270 nm (Figure 5-7). In 

cyclohexane, there are bands centred at ~560 nm rising at mid time delays and then decaying, 

and the relative intensities of these bands compared to the early time spectrum (∆t = 0.35 ps) 

are higher with excitation at 270 nm than at 245nm, which is similar to observations for the 

TEA spectra of chlorobenzene.  

However, the difference in the relative intensities is less significant than for chlorobenzene 

TEA spectra. Moreover, the late time spectra of CF3PhCl are subtly different for the two 

excitation energies, and the most noticeable differences are circled in Figure 5-7b and d. 

Although calculations for the excited-state PESs of CF3PhCl have not been reported, the TEA 

spectra (Figure 5-7a and 5-7b) suggest that the photodynamics for CF3PhCl appear to be 

similar to those for PhCl, with repulsive states that are accessible from high vibrational levels 

of the S1 state. In perfluorohexane, the intensities and profiles of the early time spectra for 

 

Figure 5- 7. Transient electronic absorption spectra of 1-chloro-4-(trifluoromethyl)benzene 
in (a) cyclohexane with excitation at 245nm, (b) cyclohexane with excitation at 270 nm, (c) 
perfluorohexane with excitation at 245 nm, and (d) perfluorohexane with excitation at 270 
nm. The time delays of the transient spectra are shown in the colour keys in panel (d). 
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photoexcited CF3PhCl are weaker and differ in comparison with the measurements in 

cyclohexane.  This behaviour is not seen for chlorobenzene and may result from the excited 

state absorption shifting to shorter wavelengths, outside our probe window. The 

intermediate bands around 560 nm are stronger in perfluorohexane, and the late time spectra 

of CF3PhCl in perfluorohexane do not show clearcut pump wavelength dependence, although 

the intensity of the product band at 400 nm in the late-time spectrum in perfluorohexane 

(∆t= 1200 ps) is somewhat stronger with the 270 nm pump than with the 245 nm pump. As a 

result, a similar approach to spectral decomposition is applied for TEA spectra of CF3PhCl: 

three basis functions are used, and are labelled as absorption by the S1 state, an intermediate, 

and products. Examples of the spectral decomposition are shown in Figure 5-8 at the end of 

this chapter. The kinetics corresponding to evolution of the contributions from each basis 

function used in the analysis of CF3PhCl TEA spectra are fitted with the same sequential  

 

Figure 5- 8. Examples of spectral decomposition of TEA spectra of CF3PhCl for the solvents, 

time delays and excitation wavelengths shown in each panel. The grey solid line is an 

experimental spectrum, and the purple dotted line is the total fit spectrum that is the sum 

of three basis functions: the S1 state absorption (red), the intermediate absorption (blue) 

and the products’ absorption (green). 
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Figure 5- 9. The kinetics from spectral decomposition of TEA spectra of CF3PhCl in (a) 
cyclohexane with 245 nm excitation, (b) cyclohexane with 270 nm excitation, (c) 
perfluorohexane with 245 nm excitation and (d) perfluorohexane with 270 nm excitation 
are global fitted with exponential function. The time constants are shown with 
corresponding colours in each panel.  

reaction model as was used for chlorobenzene, and the results are shown in Figure 5-9.  The 

time constants observed in CF3PhCl are longer than for chlorobenzene, especially in 

perfluorohexane.  For example, the time constant τ1, describing S1 population decay and 

formation of the intermediates, is larger than our time measurement window. Therefore, the 

derived values of the time constants are not reliable, although the kinetic analysis shows the 

S1 state has a longer lifetime in perfluorohexane.  

A limitation of the TEAS measurements reported here is that the UV-Vis absorption bands are 

broad, and it is therefore difficult to distinguish species based on the TEA spectra alone 

because of the spectral overlaps.  Time-resolved infra-red spectroscopy might therefore be a 

more fruitful way to progress.  Figure 5-10 shows the FTIR absorption spectra of PhCl and 

CF3PhCl, and plans for transient vibrational absorption spectroscopy (TVAS) will be discussed 

in the next section. 
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Figure 5- 10. Steady state FTIR absorption spectra of (a) chlorobenzene in cyclohexane, (b) 
chlorobenzene in perfluorohexane and (c) 1-chloro-4-(trifluoromethyl)benzene in 
perfluorohexane. The red star sign at ~ 1450 cm-1 is where cyclohexane absorption 
saturates.  
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 5.4 Future plans 

 Transient vibrational absorption spectroscopy is likely to be more useful in distinguishing the 

intermediates and photoproducts because the IR absorption peaks are narrower. Taking 

chlorobenzene as an example, the calculated vibrational spectra of species of interest are 

shown in Figure 5-11. Despite the strongly overlapping absorptions from 1400 cm-1 to 1500 

cm-1, the crucial target species for this project, such as singlet phenyl cation and diazonium 

ion introduced in Chapter 1.4 should have distinct absorptions at 1760 cm-1 and 2240 cm-1, 

respectively. Probing the TVA spectra around 2240 cm-1 could give a direct answer to whether 

diazonium ions can be formed in 1.2 ns by photoexciting solutions of chlorobenzene and 

dissolved N2. Moreover, monitoring the kinetics of the singlet phenyl cation absorption at 

1760 cm-1 could reveal whether homolysis is followed by electron transfer or heterolysis 

 

Figure 5- 11. The scaled calculated IR spectra of (a) chlorobenzene, (b) chlorobenzene in 
the S1 state, (c) chlorobenzene in the T1 state, (d) triplet phenyl cation, (e) phenyl radical, 
(f) singlet phenyl cation, (g) diazonium cation and (h) phenylperoxyl radical. The 
wavenumber scaling factor is 0.965, and the half-width at half height used is 4 cm-1 which 
is representative of the experimental resolution. 
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happens during bond dissociation by crossing to an excited state with ion-pair character. If 

both of these two proposed products are not formed on our time scale, the TVA spectra 

around 1450 cm-1 should be sufficiently clear to identify phenyl radicals. TVAS experiments 

will therefore be conducted with the same pump wavelengths and solvents to reveal more 

about the photodynamics of chlorobenzene and CF3PhCl.  

 

Figure 5- 12. Resonance structures of phenyl cation.  

The structure of the proposed ion-pair complex Ph+-Cl- will be computed, and its calculated 

spectra could help to assign the intermediate absorption band seen in the TEA spectra. To 

find the potential structures of Ph+-Cl-, the resonance structures of phenyl cation (Figure 5-

12) can be used to suggest which carbon atoms carry greater partial positive charges, and 

hence are more likely to bind the partner chloride ion. This analysis identifies the ortho- and 

the para-sites as the starting points for calculations to explore where the chloride ion might 

attach to make an iso-chlorobenzene species with both ion-pair and carbene character that 

makes the species too reactive with cyclohexane to be observed, whereas perfluorocarbons 

do not react with carbenes.25, 45 The energies of iso-chlorobenzene species with optimised 

structures will be checked to confirm that they are energetically accessible under the 

reported experimental conditions.  

 

 5.5 Summary 

The kinetics of chlorobenzene and 1-chloro-4-(trifluoromethyl)benzene photoexcited to the 

S1 states are investigated with TEAS in cyclohexane and perfluorohexane solutions and at two 

different excitation wavelengths. The TEA spectra are spectrally decomposed into three 

components corresponding to absorption from the S1 state, an intermediate, and 

photoproducts. In cyclohexane, the lifetime of the S1 chlorobenzene is ~750 ps when excited 

by 270 nm UV, but the lifetime decreases to ~623 ps with 245 nm excitation. The growth and 

decay of the intermediate and the rise in product absorption are fitted with two time 

constants 1 (~750 ps, matching the S1 decay) and 2 (<100ps). Moreover, there are absorption 
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bands attributed to photoproducts in the late time TEA spectra, and the profiles of these late 

time spectra differ with different excitation wavelengths. These observations suggest that 

another photodissociation pathway is available for more highly vibrationally excited S1 state 

PhCl, populating a repulsive T5 state. The TEA spectra of CF3PhCl in cyclohexane show 

somewhat similar behaviour to chlorobenzene, such as an intermediate rising and decaying, 

and pump-wavelength dependent late time spectra, but the time constants observed in 

CF3PhCl are larger, and the lifetime of the S1 state does not decrease significantly with use of 

a 245 nm pump wavelength. In perfluorohexane, not only the lifetimes of the S1 

chlorobenzene but also the late time spectra barely change with excitation wavelength, and 

the time constants for CF3PhCl S1 decay are larger and beyond our time window. However, 

the intensities of the intermediate bands are more prominent for both PhCl and CF3PhCl, 

which could be related to the unique solvent properties of perfluorohexane, i.e., high gas 

solubility and chemical inertness. Calculated IR spectra indicate that TVAS would be useful to 

identify more precisely the intermediates and photoproducts and reveal the possible 

mechanism of phenyl cation generation. 
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 Chapter 6. Conclusions 

 

The effects of molecular structures and solvent environments on the ultrafast photoreactions 

of various organic molecules in solutions, investigated with transient absorption 

spectroscopy, are reported in this thesis. Ring strain effects on the potential energy surfaces 

along the Norrish type I reaction coordinate in the S1 state were studied for three different 

ring sizes of cyclic ketones: cyclobutanone, cyclopentanone and cyclohexanone.1 Solutions of 

these ketones in cyclohexane were photoexcited to different vibrational levels of the S1 state 

with 255 nm, 281 nm, 290 nm, and 312 nm UV pump wavelengths. The early time TEA spectra 

of the cyclic ketones showed pump-wavelength dependence, with an excited state absorption 

(ESA) feature around 600 nm not as distinct with 312 nm excitation as when the three shorter 

excitation wavelengths were used. As a result, spectral decompositions used a spectral basis 

function extracted from the early time TEA spectra that represented the vibrationally hot 

population of the S1 state of each of the cyclic ketones. A second basis function was 

introduced, when necessary, and was derived from medium-time or late-time transient 

spectra. It was interpreted as ESA from the vibrationally relaxed S1-state population below 

the energy barrier for Norrish-type α-cleavage. The kinetics of the TEA spectra, obtained with 

different excitation wavelengths for each cyclic ketone, were globally fitted with common 

time constants to compare the lifetimes of different components and their amplitudes.  

For all three cyclic ketones, the extracted time constants were on time scales of ≤1 ps, 7-9 ps 

and >500 ps. The first component was assigned to prompt cleavage of an α-C-C bond, and the 

second component to vibrational cooling of the hot S1 state molecules to low-lying vibrational 

levels of the S1 state. Finally, slow loss of thermalised S1 state population via α-cleavage and 

internal conversion or intersystem crossing to other states such as the ground state or first 

excited triplet (T1) state occurred with time constants >500 ps that became larger with larger 

ring size. The relative contribution of prompt α-cleavage increased with higher ring strain and 

with shorter excitation wavelength because the energy barrier to bond dissociation on the S1 

PES is reduced by this greater ring strain in cyclobutanone (Figure 6-1a). The three time 

constants could also be fitted to the kinetics measured with transient infra-red absorption 

spectroscopy. A photoproduct ketene compound was observed from photoexcited 

cyclobutanone within 1 ns (Figure 6-1b). On the other hand, the absence of ketene signatures 
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from photoexcited cyclopentanone and cyclohexanone suggested that other competitive 

reaction pathways following α-cleavage dominated, or the pathway to ketene formation was 

via the T1 state, and occurred on timescales beyond the experimental time-delay window.  

 

Figure 6- 1. Photochemistry of cyclic ketones. (a) Schematic potential energy surfaces of 

cyclic ketones along the  C-C bond extension coordinate (RC-C). The greater ring strain of 
cyclobutanone (denoted as C4) than other two cyclic ketones results in the smaller energy 

barrier to bond dissociation. (b) a photoproduct, ketene, was observed within 1 ns after -
cleavage on the S1 state. 

 

In addition to these systematic studies of how changes in molecular structure affect the 

photodynamics of organic molecules, the work presented in this thesis examined how the 

surrounding solvent influence photochemical outcomes.  The system chosen for study was 

the solvent-environment dependent competition between alternative relaxation pathways of 

a sunscreen molecule, DHHB, again using ultrafast transient absorption spectroscopy. DHHB 

has two tautomers, the keto and enol forms. In the ground state, the enol form was shown 

to be more stable, with the tautomerisation pathway from the keto form to the enol form 

being barrierless. When DHHB was photoexcited to the S1 state, it underwent two competing 

relaxation pathways: excited state hydrogen transfer (ESHT) to the keto form or geometric 

and vibrational relaxation to a twisted enol form (Figure 6-2a). To understand the effect of 

the solvent environment on the competition between these two pathways, four solvents 

were chosen to provide nonpolar (cyclohexane), aprotic polar (acetonitrile), viscous aprotic 

polar (DMSO) and protic polar (methanol) environments. In polar solvents, a strong 

stimulated emission feature was seen in the early time TEA spectra, and the intensity was 

stronger in protic environments, whereas the emission was weak in nonpolar environments. 
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Calculated energy scans along the ESHT coordinate, with the solvent treated using the CPCM 

method,2, 3 revealed a small barrier for a DHHB in methanol solution, whereas no such barrier 

was found for DHHB in cyclohexane. Therefore, the stimulated emission was assigned to be 

from the vibrationally hot S1 enol because the ESHT was inhibited in polar solvents.  This hot 

S1 enol decayed by relaxation to the minimum energy twisted S1 enol structure, with torsional 

dynamics occurring with a time constant of 300 - 800 fs, seemingly related to the viscosity of 

the solvent.  

 

Figure 6- 2. Solvent environment dependent photochemistry of DHHB.  (a) Photoexcited 
DHHB in the S1 state has two relaxation pathways: excited state hydrogen transfer (ESHT) 
to the S1 keto form and C-C bond twisting to the twisted S1 enol form.  (b) The absorption 
by the T1 enol is seen in polar solvents, and it can be quenched by addition of a triplet 
quencher.  (c)The T1 keto absorptions dominant in nonpolar solvents at later time delays.  
(d) The formation of a photoproduct, trans-enol, is observed in polar solvents, and it is 
suspected to result from further C-C bonding twisting of the enol form in the ground 
electronic state.  

 

In addition, the late time TEA spectra of DHHB also showed solvent-dependent absorption 

profiles. In polar solvents, there were absorption bands around 600 nm - 700 nm after time 

delays of 1 ns, but in a nonpolar environment, these features were significantly weaker. The 

absorption bands could be quenched by the triplet quenchers octocrylene and trans--

methylstryene, both with similar triplet energies,4, 5 and the calculated UV-Vis absorption 

spectra of the T1 enol and T1 keto tautomers suggested that the absorption features resulted 
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from the T1 enol (Figure 6-2b).  The remaining absorptions observed after addition of the 

quenchers arose from the T1 keto form, which is dominant in nonpolar solvents (Figure 6-2c). 

These observations of the late time spectra supported the interpretation that the ESHT was 

less favourable in polar solvents, so the population of the S1 enol was larger and intersystem 

crossing to the T1 enol was encouraged. The kinetics of the DHHB ground state bleach 

observed by TEAS and TVAS revealed recovery of ground-state molecules within 10 - 25 ps, 

with ~95% recovery in polar solvents and ~98% in nonpolar solvents within 1 ns. Additionally, 

a photoproduct, trans-enol, was observed in polar solvents (Figure 6-2d), but too little was 

produced in nonpolar solvents to be observed. The formation of the trans-enol photoproduct 

was suspected to be a consequence of further torsional dynamics of internally excited 

molecules on the potential energy surface of the S0 enol, and the lifetime of this metastable 

photoproduct was longer than 2 ns.  

Not only the polarity of solvents but also the chemical properties of the solvents can affect 

the photochemical pathways of solute molecules. This behaviour was illustrated by the 

photodissociation of chlorobenzene and 1-chloro-4-(trifluoromethyl)benzene, both of which 

were studied in cyclohexane and perfluorohexane.  To explore the possible dissociation 

pathways, experiments used two different excitation energies to populate the high and low 

vibrational levels of the S1 state, respectively. In cyclohexane, the profiles of the late time 

transient absorption spectra showed a pump wavelength dependence, but such dependence 

was not noticeable in the chemically inert solvent perfluorohexane. The TEA spectra were 

decomposed into three contributions using basis functions assigned to absorption from the 

S1 state, an intermediate, and photoproducts.  Moreover, the intermediate absorption bands 

lying between 500 and 600 nm were stronger for measurements made in perfluorohexane 

than in cyclohexane. The kinetics of these different spectral components were fitted to a 

sequential reaction model, giving lifetimes for the S1 state (denoted as τ1) and the 

intermediate species (τ2). The lifetimes of the S1 state were τ1 ~ 800 ps for chlorobenzene and 

1-5 ns for CF3PhCl in both solvents. The corresponding lifetimes for the decay of intermediates 

and growth of products in both solvents were significantly shorter at 2 < 100 ps.  Plausible 

candidates for the intermediate species were proposed to be reactive species such as phenyl 

radicals, phenyl cations or, most likely, phenyl-cation / chloride-anion charge transfer 

complexes with carbene character that allowed reaction with cyclohexane but not 

perfluorohexane solvents. Consequently, stronger intermediate bands were observed in 
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perfluorohexane. Calculated IR spectra showed that transient infra-red absorption 

spectroscopy could be used to identify more precisely the intermediates and products, and 

the photochemical reaction mechanisms of chlorobenzene and CF3PhCl in solution could then 

be more fully interpreted. 

As the work in this thesis has illustrated, transient absorption spectroscopy can reveal 

thorough details about photo-induced reaction mechanisms in different solvents by direct 

observations of the excited states and intermediates generated on picosecond time scales.  

The examples studied show that the photochemical dynamics are dependent on 

modifications to the solute structure, and choice of UV excitation wavelength and solvent. 

Although gas phase studies using techniques such as time-resolved photoelectron 

spectroscopy or mass spectrometry provide some guidance about possible photochemical 

pathways in solution, these pathways can be significantly modified by the solvent.  This is 

especially the case if there are competing pathways open to the excited molecules, because 

the balance of the competition can be changed by the solvent environment. This work 

examining the structural and environmental influences on photochemical dynamics therefore 

has implications for research in a number of fields such as photochemical organic synthesis,6, 

7 how different formulations influence sunscreen performance,8, 9 and N2 or CO activation 

using photoexcited organic molecules.10, 11  
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