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Abstract 

Co-existence of organic matter and water is one of the prerequisites for life to 

have evolved on earth. Organic chemistry in ice medium helps us understand the 

processes of cryosolvation and radiation biology. Thus, photoionization of organic 

molecules to generate highly reactive species is the center of many complex chemical 

reaction pathways both on Earth and in a wide variety of environments in our Solar 

System and beyond. 

Organic radicals and polycyclic aromatic hydrocarbons (PAHs) are readily 

ionized in low density amorphous (LDA) water-ice matrix, as the ionization potential 

of the neutral compounds is greatly reduced. Consequently, the cations produced as a 

result of this ionization are also greatly stabilized by up to 2 eV.  

In this work, an intensive study of the benzhydryl radical, the tropyl radical and 

pyrene in amorphous water-ice matrices was performed. The easy ionization of these 

radicals and pyrene by irradiation with various light sources to form the corresponding 

cations in amorphous water-ice matrix was studied. The benzhydryl radical and the 

tropyl radical were generated through flash vacuum thermolysis (FVT) of 1,1,2,2-

tetraphenylethane and bitropyl, respectively, in argon, 1% CH2Cl2 doped argon and 

amorphous water-ice matrices and were characterized using IR, UV-vis and EPR 

spectroscopy. The formation of the benzhydryl cation and the tropyl cation from the 

corresponding radicals in different matrices were investigated in detail. A complete 

study of the energetics of the photoionization in amorphous water-ice and the reversible 

electron-ion recombination in water-ice was undertaken for the benzhydryl radical. A 

unique way to generate a cation using nonhalogenated precursors is also described. 

Pyrene was co-deposited with varying mixtures of H2O and CO2. Consequent 

vacuum ultraviolet (VUV) irradiation led to the formation of the pyrene cation along 

with other photoproducts which were characterized using IR and UV-vis spectroscopy. 

A comparative study of the nature of the photoproducts formed on irradiating ices with 

different concentrations of H2O and CO2 was performed. 

Similarly, the cyclopentadienyl radical was generated through FVT of 

nickelocene and analyzed using IR, UV-vis and EPR spectroscopy. The reactions of the 

cyclopentadienyl radical with small molecules like oxygen and water were performed 

and the reaction pathways were studied in detail. 

Thus, a complete study of the radicals and PAHs in argon and water matrices 

showed the easy photoionization of these reactive intermediates in amorphous water-

ice matrices due to the lowering of their ionization potential by the water-ice.
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1. General Introduction 

1.1. Radical 

A radical is a chemical species with an unpaired electron in one of the orbitals 

in the closed shell configuration. It is this single unpaired electron that determines the 

fate of the radical in terms of the reactivity. While most of the radicals are reactive, 

there are few radicals which are extremely stable for example, (2,2,6,6-

tetramethylpiperidin-1-yl)oxyl (TEMPO) and the phenylenyl radical, to name a few. 

However, most radicals are stable under matrix isolation conditions of low temperature 

and pressure. Radicals are usually formed via the homolytic bond cleavage of the 

precursor species either thermally or photochemically. The presence of radicals and 

their importance has been well documented in various fields of chemistry like 

astrochemistry, plasma chemistry, biochemistry and in processes like combustion, 

polymerization etc. 

The term ‘radical’ was coined by Louis-Bernard Guyton de Morveau in 1785 

following which Antoine Lavoisier in 1789 used this phrase for the first time in Traité 

Élémentaire de Chimie.1 Gomberg was the first chemist to identify and report the first 

free radical, the triphenylmethyl radical 1.1.2 

 

Figure 1.1. The first reported stable radical triphenylmethyl radical 1.1. 

Soon after the discovery of 1.1, various other radicals were discovered and 

reported in solution phase.3-4 Since most radicals tend to recombine when in solution, 

they could not be studied for spectroscopic reasons except under gas phase or matrix 

isolation conditions. However, their use in different fields of chemistry is elaborated in 

the following paragraphs. They are: 

i) Combustion. This involves an elevated temperature exothermic reaction between the 

reductant and oxidant. In most cases, the oxidant is molecular oxygen (O2). Thus, 
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combustion involves a series of complicated radical reactions. When O2 is used as the 

oxidant, it undergoes bond cleavage to form oxygen radicals (O˙) in the singlet state. 

The external heat supplied acts as an initiator for this bond dissociation. The oxygen 

radicals now oxidize the reductants to form the oxidized products like the oxy or peroxy 

radicals. PAHs can either undergo oxidation in the presence of small molecules like 

H2O to form oxidized products like the hydroxy-PAHs or just burn and disintegrate into 

smaller carbon components eventually forming soot.5-6 

ii) Polymer Chemistry. Polymerization7 is a process wherein the reactive monomer 

units combine with one another to form long continuous chains or 3-D networks 

through a chemical reaction. The process of polymerization can occur through a step-

growth process or a chain-growth process.  

Step growth polymerization process usually takes place when monomer units 

contain functional groups like -OH, -CN etc. These functional groups initiate the 

condensation reaction and long chains or 3-D networks of polymers is thus formed. 

Most of the step growth polymers are condensation polymers. 

Chain growth polymerization process takes place when unsaturated monomer 

units are used. The unsaturated bond breaks and allows for the easy attack of another 

monomer unit via the formation of a propagating bond. For example, the formation of 

the polyethylene occurs via the radical polymerization through the π bond of ethene. 

The π bond of ethene is broken and the two electrons formed then attack the unsaturated 

bond of another ethene. This process occurs continuously to form the polymer. Thus, 

most of the chain growth polymers are formed by radical polymerization through three 

steps of chain initiation, chain propagation and chain termination. 

iii) Biology. Free radicals are considered to be one of the most crucial reactive species 

in many biological processes. Of the many free radicals present in biological processes, 

the superoxide and the hydroxyl radicals are considered to be the most important. They 

are produced from the reduction of molecular oxygen. The concentration of these 

radicals determines the fate of the cell. An excess of these free radicals pose a serious 

threat to the longevity of the cell as they lead to unwanted side reactions, ultimately 

causing cell damage. Various diseases like the Parkinson’s disease, myocardial 

infraction, diabetes, cancer and stroke occur due to an excessive amount of the 

unwanted free radicals. 
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1.2. Chemistry in Space 

The prerequisites for life to evolve on earth is the co-existence of organic matter 

and water. Though we still do not understand how exactly life originated, other 

necessary conditions are understood to be energy and minerals. Interestingly, all of 

these four conditions are already met even before our Solar System even formed–during 

the interstellar molecular cloud phase. Interstellar ice grains of micron-size are 

constantly bombarded with cosmic rays and photons from nearby stars. These 

interstellar ice grains8 are composed of a micron-sized silicate (mineral) dust nucleus 

upon which water, carbon monoxide, carbon dioxide, ammonia, methanol, sulfur-

containing molecules such as OCS, and perhaps even large polycyclic aromatic 

hydrocarbons (PAHs) condense forming the interstellar ice grain.9 Photochemical 

evolution of the interstellar ice grains is an important branch of astrochemistry and 

tremendous progress has been made in the past few decades that shows that building 

blocks of life could have already been produced in the interstellar ice grains.9-10 The 

dense molecular clouds in the interstellar medium collapse forming the first phase of a 

star and a solar system–called protostar and protoplanetary disk.11 These ice grains then 

transform into planets, moons, asteroids, and the reservoir comets at the outer rim of 

the Solar System, known as Kuiper Belt Objects (KBOs).12-13 Complex organic matter 

made in the interstellar medium and preserved through KBOs, comets and asteroids 

could have been delivered to Earth14-17 during the early stages of our Solar System 

formation (about 4 billion years ago),18 which coincides with the time during which life 

first evolved on earth as determined through dating bacterial fossils.19 

Ionized molecules are energy-rich and highly reactive species, making further 

chemical reactions mostly barrier-less processes. Understanding radiation-induced 

chemical pathways of organic matter in a water-dominated ice medium is also important 

for our understanding of how pollution affects the Earth’s cryosphere (polar ice caps to 

snow and glaciers to cirrus clouds dominated by ice grains).20-22 The photoionization of 

organic molecules to generate highly reactive species is the center of many complex 

chemical reaction pathways both on the Earth and in a wide variety of environments in 

our Solar System and beyond.23-24 Gaseous and particulate matter in the form of 

interstellar clouds dominate the interstellar space. These clouds usually have a 

temperature of 50 K-100 K and a density of around 10-1000 cm-3. Their dense cold 

regions are dominated by organic matter mainly of molecular origin such as around 120 

species have been identified surrounding old low-mass stars.25 The organic matter 

found in the interstellar clouds is further divided into two categories. One in which the 
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molecules found are extremely common like H2O, NH3 etc. and the other category 

consists of charged species like the H3
+, HCO+ etc., or the radicals (CnH or more 

complex organic species like the PAHs and isomers). H2 is the most abundant species 

followed by CO. These interstellar clouds later collapse to form stars and planetary 

systems. Out of the complex organic species PAHs, cations and radicals are among the 

few molecules which have gained attention in the recent past. 

1.2.1. PAHs in space 

Polycyclic aromatic hydrocarbons (PAHs) are a class of hydrocarbons 

containing extensively delocalized fused aromatic rings of carbon and hydrogen only. 

These fused aromatic rings do not have any substituents attached to it. Thus, they 

mainly consist of two or more fused benzene rings which are bonded in linear, cluster 

or angular arrangements as shown in Figure 1.2. 

 

Figure 1.2. Different types of polycyclic aromatic hydrocarbons (PAHs) based on their 

molecular arrangement of the fused benzene rings. 

PAHs are not only classified based on their molecular arrangement but also on 

the number of benzene rings present in the structure. These are the small PAHs and the 

large PAHs. The small PAHs typically consist of up to six fused aromatic rings in any 

molecular arrangement whereas the large PAHs consist of more than six fused aromatic 

rings. Apart from having a high melting and boiling point, the characteristic properties 

such as the volatility and solubility of the PAHs are determined by their molecular 

weight. Thus, with every additional benzene ring to the parent structure the vapor 

pressure decreases and the solubility in aqueous solution also decreases. These PAHs 

also have a very characteristic UV absorption spectrum which makes their identification 

easy. 

PAHs are formed by the partial combustion of organic matter, for example, 

during the combustion of fossil fuels and biomass burning5-6 as a part of human 
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activities. They are also very much present in the interstellar medium. Studies on the 

detection and the interaction of PAHs with small abundant molecules like CO, H2O etc. 

in interstellar medium have been completed.26-27 The presence of PAHs especially 

pyrene C16H10 in the comets, the last forming body in the solar system further shows 

the importance of PAHs in space.28-31 PAHs necessarily freeze out onto the dusty ice 

grains during the molecular cloud formation. Apart from PAHs, these dust grains also 

contain molecules such as H2O, CO, CO2, NH3, CH3OH to name a few.32-33 Subjected 

to intense UV radiation from the field formed by the interaction of the cosmic rays with 

hydrogen atoms present in the gaseous medium, PAHs readily ionize to form complex 

species of scientific interest.34-35 Gudipati et al. were the first to report the VUV induced 

photoionization of the PAHs to form PAH-radical-cations in water-ice mimicking the 

action of VUV on ice grain mantles containing PAHs.36-37 Following this lead, several 

laboratory studies on the ionization of PAHs in different ice analogues were performed 

to gain insight into the different photochemical process taking place in the ices of the 

interstellar medium (ISM).38-41 

Theoretical models of the interstellar grain mantles formed by the accumulation 

of dusty ice grains help us to understand its composition.42-43 Three theoretical models 

were prepared. Model 1: If the abundance of hydrogen atoms in the gas phase are 

greater than other molecules in the ISM like CO, O and O2, hydrogenation reactions 

take place. Hence, a polar ice mantle will be formed with hydrogenated products like 

H2O and H2CO. Formation of a non-hydrogenated species like CO2 will be sparse. 

Model 2: if the abundance of hydrogen atoms is less in comparison to the heavier 

species like CO, O and O2 with O2 being the most abundant species then the formation 

of oxygenated species especially CO2 will be high. Model 3: High abundance of oxygen 

in atomic form would lead to the abundance of a less polar oxygenated species like CO, 

CO2, O3 etc. 

Looking at the theoretical models mentioned above, one cannot overrule the 

abundance of CO2 in ice grain mantles together with H2O, CO, O3 etc. These icy grain 

mantles are the basic units for the formation of stars and solar systems. The extreme 

low temperatures (10–20 K) of the grain mantles in the ISM force the atoms/molecules 

in it to clump together to form high density masses which then collapse due to their 

own weight to form the protostar (the first stage of the star formation). This protostar 

evolves in due course of time to form young stars and solar systems. Further, 

astronomical explosions (supernova) facilitate the formation of more stars with changed 

composition (ionization) due to shock waves. Thus, the stars formed with an abundance 
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of CO2 and various other gases are subjected to various photo physical process and lead 

to the formation of new photoproducts. These stars eventually form planets, moons, 

asteroids etc., depending on their density.  

As discussed, PAHs are present in the interstellar medium26-27, 44-45 and in turn 

in comets,28 the surfaces of Saturn’s moons, Hyperion and Iapetus46-47, also as complex 

organic substances in Saturn’s rings,48 in meteoritic samples49 and in interplanetary dust 

particles50. The unknown fluorescence band detected in the range of 280-400 nm in the 

coma of Halley’s Comet and the extended red emission has confirmed the presence of 

PAHs in outer space. The UV spectral identification of the red rectangle nebula with 

that of anthracene and pyrene,51-53 and also the presence of pyrene in Halley’s comet28 

further strengthens the evidence of PAHs in space. 

1.3. Solar System Ices 

H2O exists in three different states of matter in our planet, Earth. They are solid, 

liquid and gas. Generally, the term “ice” refers to H2O in the solid state on Earth. 

However, any volatile gas frozen in our solar system is termed as “ice” when one 

considers the planetary science studies. Our solar system is made up of primary 

elements like hydrogen, helium, carbon, oxygen and nitrogen. Molecules like H2O, H2S 

and CH4 are found in abundance due to the reducing nature of the atmosphere of the 

solar system. Apart from the formation of H2O and other molecules by the reducing 

atmosphere in the solar system, the presence of CO, CO2 and other molecules formed 

by some oxidizing reactions cannot be ruled out. These molecules condense in the 

atmosphere and participate in the planet formation due to their presence in the 

protoplanetary disk or in the nebulae. Thus, in planetary science studies, diverse types 

of ices are studied like H2O ice, SO2 ice, N2 ice and CH4 ice to name a few. 

i) H2O ice: As already known H2O has three fundamental infrared active vibrations in 

the gas phase at 3755.1, 3652.3 and 1594.8 cm-1. They correspond to the asymmetric 

O-H stretch, symmetric O-H stretch and H-O-H bend respectively. However, these 

values are shifted in liquid water. In planetary science studies, H2O in the form of ices 

is of utmost interest and importance for the study on the evolution of ices in the planet 

systems. Thus, out of the distinct phases of water the amorphous and the crystalline ices 

are given priority. The comets, icy bodied planets and satellites are indigenously 

composed of these ices. The detection of H2O ice using IR spectroscopy technique is 
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extremely easy due to the strong and broad absorptions of H2O around 3500 cm-1 to 

3000 cm-1 (Figure 1.3). 

 

Figure 1.3. IR spectrum of amorphous water-ice isolated at 3 K. 

The H2O ices generated on the cold spectroscopic window at a low temperature 

(3 K) and low pressure (ultrahigh vacuum) is of utmost interest in the study of ices in 

the solar system as their presence has been confirmed in the interstellar medium thereby 

helping in the formation of protostars and eventually stars. The amorphous and the 

crystalline ices are of immense importance as these phases have been identified during 

the remote sensing experiments of the icy objects.  

Amorphous H2O Ice: These ices are characterized by the presence of a broad 

structureless absorptions around 3500 cm-1 to 3000 cm-1. The broadness of the O-H 

band is probably due to the change in the frequency of the O-H bond caused by the 

distortion in the hydrogen bonds among the H2O molecules. These ices are being 

classified on various parameters and different names have been assigned based on these 

classifications like the vitreous ice, amorphous solid water-ice, hyper-quenched glassy 

water-ice, high density and low density amorphous ice to name a few.54 Out of these, 

the ices differentiated based on the density will be discussed. The high-density 

amorphous ices exist below 70 K whereas the low density amorphous ices exist between 
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70 K to 120 K. Usually amorphous ices are formed when water in the form of water 

vapor are deposited on to the cold spectroscopic window maintained below 120 K. 

Amorphous ices deposited at temperatures below 70 K have weaker bands at higher 

wavenumbers in comparison to the ones deposited at temperatures above 70 K. 

However, annealing and cooling back these ices result in the loss of their original 

characteristic feature thereby accounting for an irreversible change. For our 

convenience in the thesis, we use the term “amorphous ice” to represent both the low 

density and high density amorphous water-ices. 

Crystalline H2O Ice: Usually crystalline ices are formed when water vapors are 

deposited on a cold spectroscopic window maintained at temperatures above 120 K or 

when the amorphous ices are annealed to temperatures above 120 K. In sharp contrast 

to the amorphous ices, these ices are characterized by sharp intense bands in the OH 

stretch region of the water.  

H2O ice has been detected in the interstellar medium.55 Out of the many spatial 

bodies detected with H2O ice, few are mentioned here. Crystalline ice has been detected 

on Charon (Pluto’s satellite),56-57 Triton (Neptune’s satellite).58-59 Hansen et al.60 found 

the presence of both crystalline and amorphous H2O ice on Jupiter’s largest moon, 

Ganymede whereas only crystalline ice was detected on Callisto, Jupiter’s second 

largest moon. Europa also contains H2O in form of ices, gullies and mantles. Rivkin et 

al.61 also reported the presence of H2O in the asteroid 24 Thermis. Comets are also said 

to contain H2O ice but the absorptions were found to be extremely weak.62 Thus, the 

abundance of both amorphous and crystalline water-ices in our Solar system paves the 

way for its extensive study in the laboratory. 

 

Figure 1.4. The Mars Express took this photo of a crater on Mars filled with water-ice. 

Credit: ESA/DLR/FU Berlin (G. Neukum), CC BY-SA 3.0 IGO 

ii) SO2 ice: Found in Venus’s atmosphere, this is also differentiated as amorphous and 

crystalline ices.63 They are present in the Venusian atmosphere as clouds and haze of 
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sulphuric acid. Sulphuric acid is formed by the reaction of SO2 ice with the H2O present 

in the atmosphere. 

iii) N2 ice: Experimentally, it has been found out that N2 sublimes at 40 K from the 

surface of H2O ice. Thus, for N2 ice to form in the solar system, extreme low 

temperatures are required. Hence, N2 ices can be found in the outer regions of the solar 

system especially beyond the Oort cloud where are temperatures are extremely low. N2 

ice exists as α-N2 ice and β-N2 ice. At T > 35.61 K, N2 ice exists as β-N2 ice.64 The 

absorption coefficients are too weak in comparison with the other ices to observe 

notable absorptions. However, the peaks due to β-N2 ice become narrower on 

decreasing the temperature. α-N2 ices, on the other hand, are found at temperatures 

lower than 35.61 K. A change in the shape of the bands is noticed although the 

absorption coefficients of α-N2 ice are the same as the β-N2 ice.65 They are found 

seasonally in the outer edges of the solar system where the temperature remains below 

35.61 K. N2 is difficult to detect via infrared spectroscopy because of its non-polarity. 

The fact that α-N2 ice and β-N2 ice are observable is due to the collision with other N2 

molecules creating an induced dipole change. This favors the detection of N2 ices 

although their absorption coefficients are weak. N2 ice are predominantly found on the 

surface of Pluto. Traces of CH4 ices are present on the surface either diluted in the N2 

ice matrix or present separately. The New Horizons Mission by NASA was the first 

ever mission launched to study the surface of Pluto in detail and other objects present 

in the Kuiper belt. The presence of a nitrogen atmosphere, distinct surface engravings, 

ice rock interior and the discovery of smaller moons in the Kuiper belt was the main 

outcome of this mission. 

iv) CO2 ices: Along with the presence of H2O ice, Mars is also dominated by CO2 ices 

mainly in the poles as polar ice caps. During the pole’s winter, the pole is away from 

the sun’s radiation and the temperature drops well below normal. Because of this all the 

CO2 present previously in the atmosphere in the gaseous form condenses and forms a 

layer of thick CO2 ice (often known as dry ice). In summer, the CO2 ice on these poles 

evaporates due to the elevated temperature and it produces strong winds of CO2, H2O 

vapor and dust. However, the percentage of CO2 present as ice is very small in 

comparison to the water. 

Solid CO2 is commonly found in young stars.66-67 However, the nature of the 

CO2 ice–whether it is crystalline or amorphous–is not known. 
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Amorphous CO2 ice: As reported in the literature, so far amorphous CO2 ice has 

not been detected in space. CO2 grown at extreme low temperatures (T = 8 K) and in an 

ultrahigh vacuum chamber leads to the formation of amorphous CO2 ices. This is 

denoted by the presence of the "low frequency shoulder" band at 2343 cm-1.68 These 

bands are observed in the thin layers of CO2 ices. Absence of this band in the IR spectra 

of dense clouds obtained from various sources show that the CO2 present in space does 

not consist of amorphous ice.69 Presence of a band at 655 cm-1 is also observed in 

amorphous ices. These ices remain in the amorphous phase up to 30 K. The amorphous 

ice is more porous, with densities that can change within a range of values.70 

Crystalline CO2 ice: Annealing the amorphous ices above 30 K leads to the 

change in the phase of CO2. CO2 transforms to a much more crystalline phase. This is 

denoted by the disappearance of the "low frequency shoulder" band at 2343 cm-1, the 

appearance of a strong band at 2343 cm-1 and the formation of the doublets at 660 and 

655 cm-1 as opposed to the single peak at 655 cm-1 in amorphous ice. Low temperature 

crystalline CO2 has a density of 1.78 g/cm3. 

CO2 sublimes off at 85 K and the crystalline ices are seen until 80-85 K. 

Thus, different type of ices mentioned above together with hydrocarbon ices are 

present in the solar system stating that the term “ice” is rightly used for any volatile 

substance that has been frozen. 

1.4. Matrix Isolation 

George Pimentel, the “father of matrix isolation” developed this field71-72 and 

made extensive studies together with George Porter.73 Thus, for Pimentel, matrix 

isolation meant the trapping of a reactive intermediate with a fleeting existence in a 

large excess of an unreactive gas and condensing it onto a cold spectroscopic window 

thereby immobilizing the reactive intermediate. This cold material is now believed to 

be matrix isolated as the reactive intermediate are well isolated from one another 

through layers of inert host gas. 

However, in due course of time, various changes to the host materials have been 

made. For example, the use of frozen solutions, polymers, glasses, zeolites or crystals. 

The rigidity of the matrix formed further prevents the immobilization and the diffusion 

of the reactive intermediates paving the way for complete isolation. 
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Figure 1.5. Matrix isolation of the rigid guest species (black triangle) in solidified host 

matrix (white circle) on a cold spectroscopic window at 3 K. 

Studies of the reactive intermediates can be done in two ways. They are i) 

detection immediately after their formation or ii) detection of the trapped molecules 

after a period of time with ease. Both of these methods have their own advantages. 

While the former allows the kinetic study of the reactive intermediates, the latter allows 

the electronic and the molecular structural identification studies of the reactive 

intermediates. 

The advantages of the use of matrix isolation techniques over other techniques 

are i) use of the inert gas: The unreactive nature of the inert gas allows for temperature 

dependent studies of the reactive intermediates due to the non-interference of the host 

gas. ii) The transparency of the homonuclear diatomic gases in the IR and the UV-vis 

range for the structural studies. These inert gases also provide high resolution to the 

spectra allowing for decoding the complex structure much easier. iii) The generation of 

the reactive intermediates either externally or internally. Externally, the reactive 

intermediates can be generated via thermolysis or photolysis of the substrate and then 

it can be deposited on to the cold spectroscopic window maintained at extremely low 

temperatures of 3 K-10 K. These temperatures suppress any type of reaction within the 

matrix except tunneling. Interestingly, there are certain limitations to the matrix 

isolation method. They are i) the size and nature of the precursor. The precursor of the 

reactive intermediate should be either highly volatile or volatile enough to prevent 

decomposition. Thus, usually the size of the organic species should be small enough to 

facilitate the vaporization of the precursor and deposition on to the cold spectroscopic 

window. ii) Cage effect: The precursors used for the generation of reactive 

intermediates via thermolysis might be trapped in the same matrix cavity which might 

allow for their recombination. Thus, when spectroscopic studies are done, these species 
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might already be in the neutral form due to recombination. iii) Polar substrates: The 

polar substrates have a high tendency towards aggregation in matrix gases due to which 

isolation of the reactive intermediate is almost impossible. 

1.4.1. Technique and equipment 

The deposition of the reactive intermediates along with the host gases are done 

on spectroscopic windows maintained at cryogenic temperatures of 3 K-10 K. Cesium 

iodide CsI windows are used for the IR measurements whereas for the UV-vis 

measurements, quartz or sapphire windows are used. For the EPR measurements, the 

matrix is formed on an oxygen-free copper (Cu) rod maintained at 5 K. A highly diluted 

sample mixture is taken for the matrix preparation. These matrices are frozen to restrict 

the rotation of the bonds facilitating the IR and UV-vis measurements. The samples 

used for the generation of the reactive intermediates are degassed by freeze-pump-thaw 

method to remove any dissolved air in them. For an ideal deposition of the matrix on to 

the window, the window is set at a temperature about 30% of the melting point of the 

inert gas (argon, neon etc.) used. This is then cooled down to the lowest possible 

temperature of the cryostat (3 K) for spectroscopic studies. 

To build a matrix setup, many devices are required as shown in Figure 1.6. These 

are mentioned below.  

 

Figure 1.6. Schematic diagram of a closed cycle cryostat with all the equipment attached. 
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A closed cycle cryostat to maintain the low temperature of the spectroscopic 

window. Here, Sumitomo Heavy industries two-staged closed-cycle helium cryostats 

(cooling power 1 W at 4 K) is used to obtain temperatures around 3 K. 

Sample holders and the spectroscopic window for the deposition and analysis 

of the matrix using IR and UV-vis spectroscopy. 

Inlet systems and sample preparation lines for the passage of the sample and the 

host gas before depositing on the cold window. 

Vacuum chamber for the entire matrix isolation setup. 

A thermal shield to protect the window and the wirings from the heat of the hot 

pyrolysis oven. 

A gas line connected to the vacuum chamber with a flow controller to control 

the flow of the host gas onto the spectroscopic window. 

Spectrometers for the detection of the reactive intermediates. 

1.4.2. Generation of the reactive intermediates 

The reactive intermediates to be studied under matrix isolation conditions were 

prepared by the following methods. 

Externally either by vacuum ultraviolet (VUV) irradiation using a microwave 

gas discharge lamp or by flash vacuum thermolysis (FVT) of the precursor. For the 

VUV irradiation of the precursor externally, the precursor mixed with the host gases are 

irradiated before depositing on the cold window for spectroscopic studies. Thus, the 

precursor forms the reactive species which then deposits on the cold spectroscopic 

window for analysis. For the discharge lamp, hydrogen is used as a carrier gas as it 

emits not only Lyα (121.6 nm, 10.2 eV) but also includes emission due to a broad 

molecular hydrogen peak near 160 nm. FVT is another method to generate reactive 

intermediates from the precursor. The precursor is allowed to pass through a 

thermolysis oven heated electrically with a tantalum wire. The thermolysis oven is set 

at a particular temperature for the easy generation of the reactive intermediates from 

the precursor which is then mixed with the host gas and deposited on the cold window 

(Scheme 1.1). Here the reactive intermediate should be stable throughout the entire 

length of the thermolysis oven. However, chances for recombination and further 

fragmentation cannot be ruled out. 
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Scheme 1.1. The generation of the benzyl radical 1.6 from the precursor bibenzyl 1.5 in 

solid argon via flash vacuum thermolysis (FVT). 

In-situ generation by depositing the precursor with the host gas and irradiating 

the matrix at 3 K with light of appropriate wavelength to generate the reactive species. 

For example, the generation of carbenes photolytically from the diazirine precursor 

(Scheme 1.2). For the generation of the reactive intermediates mercury arc Hg lamps, 

microwave gas discharge lamp, lasers, light emitting diode LEDs and xenon Xe lamps 

are used as the photolysis source. 

 
Scheme 1.2. Generation of carbene 1.8 from the diazirine precursor 1.7 in solid argon via 

Ar-discharge lamp. 

Co-condensation of reagents. In this method, the metal atoms (evaporated from 

Knudsen cell) are co-deposited with a host gas that has been premixed with a molecule 

whose adduct with the metal atom should be studied. For example, the formation of 

radical anions on the photoionization of metal containing host-molecule matrix. The 

metal ions are easily excited and the electrons thus generated is readily taken by the 

molecule to produce radical anions. 

1.5. Quantum Chemistry 

Theoretical quantum chemistry has been of immense help to spectroscopists as 

it is with the help of this field that questions regarding the stability, reaction pathways, 

mechanisms, ground states, excited states and transition states of individual atoms or 

molecules can be studied. Together with other studies, quantum chemists study the 

reaction pathways of the reactants and the products in the chemical reaction. For these 

studies, methods based on the quantum mechanical principles are used. In most of the 

methods, the Born-Oppenheimer approximation is used. Born-Oppenheimer 



 

Chapter 1  General Introduction 

 

16 

 

approximation states that the separation of the motion of nuclei and electrons is 

possible. In this approximation, the heavy mass of the nucleus is considered and is 

compared with the mass of the electron. Since, there is an attractive force between the 

nucleus and the electrons, an external force on the atom causes a faster response/motion 

of the electrons when compared to the nucleus. While the acceleration produced by the 

external force is much less on the nucleus due to its high mass (acceleration is inversely 

proportional to mass) when compared to the motion of the electron. The nucleus thus 

seems to be stationary. Thus, the wavefunction only accounts for the position of the 

nucleus and neglects the motion of the nucleus. 

Although the discovery of Schrödinger’s equation is considered to be the 

beginning of Quantum Chemistry. Heitler et al. published their article74 on the studies 

of hydrogen molecule considering the chemical bond between the two hydrogen atoms. 

This work was considered to be the first step towards the development of quantum 

chemistry. Following which quantum chemistry was applied in solving various 

unanswered questions about black body radiation (1859), cathode rays (1838) etc. 

Solving the Schrödinger’s equation remains the basis for understanding any 

quantum chemical problem. By doing so, the chemical property of the molecule of 

interest can be well understood. The exact solution to the Schrödinger’s equation can 

be obtained by using H2 as the molecule of interest. Since most of the species contain 

more than one atom and hence more electrons, different approaches have been adopted 

to solve the Schrödinger’s equation like the wave model method, valence bond method, 

molecular orbital method and density functional theory. 

1.5.1. Density functional theory 

As described above, density functional theory (DFT) is a method which can 

calculate the ground state of large molecules (many electron systems) by considering 

their electron densities. Because of this, it is one of the most widely used methods in 

computational chemistry.75 DFT was used for the first time by Walter Kohn and Pierre 

Hohenberg in their Hohenberg-Kohn (H-K) theorems. 

The first H-K theorem considers the electron distribution in all three co-

ordinates while calculating the ground state of a many electron system. This theorem 

also extends itself for the development of time dependent density functional theory 

(TDDFT). TDDFT is used for calculating, for example, the wavelength required for the 

excitation of a species (excitation energy) and the photoabsorption spectra. 
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The second H-K theorem mentions the use of an energy functional for a system 

which is responsible for the energy minimization of the correct ground state electron 

density.  

These above theorems formed the basis of DFT. 

1.5.2. Basis sets 

Basis sets are used during the calculations performed using DFT or Hartree-

Fock method as they represent a set of functions describing the electron wavefunction. 

Geometry of the species of interest are optimized using different types of DFT 

functionals (BLYP, B3LYP, M062X etc.) together with the calculation of second 

derivatives for the characterization of several stationary points along the potential 

energy surface. The smallest basis sets are called the minimal basis sets and represent 

the situation of a gas phase atom. Polarization functions and diffuse functions are the 

other additive functions used together with the minimal basis set for the inclusion of 

polarization of the electron density of the atoms and the diffusion of the electron density 

to the extreme end of the molecule far away from the nucleus respectively. Examples 

of some basis sets with polarization functions and diffuse functionals are 6-311++G** 

where ++ denotes the diffuse functions on heavy atoms and hydrogen while ** 

represents the polarization functions on heavy atoms and hydrogen. Other examples are 

6-31+G*, 3-21+G*, 3-21++G etc.
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2. Benzhydryl Radical 

2.1. Introduction 

Organic radicals and carbocations are fundamental reactive intermediates that 

are of paramount interest to organic chemistry. In principal, these intermediates can 

interconvert via single electron transfer (SET). Thus, the direct photoionization of free 

organic radicals using short wavelength UV light or X-ray irradiation is a convenient 

way to produce the corresponding carbocations. If the intensity of light is high enough 

and the excited state lifetime long enough, two photon ionization of radicals with near 

UV or visible light can become efficient. In a laser flash photolysis study, Faria and 

Steenken demonstrated that 308 nm irradiation of the benzhydryl radical in acetonitrile 

or aqueous ethanol produces the benzhydryl cation via two photon ionization.76 The 

lifetime of the excited state of the benzhydryl radical in acetonitrile is 100–330 ns, long 

enough to absorb a second photon that leads to ionization. The ionization yield increases 

in the presence of n-butylchloride, which is able to trap the ejected electron and thus 

prevents the recombination of the initially formed cation–solvated electron pair. To 

produce carbocations 2 via single photon ionization the photon energy has to be larger 

than the ionization potential of the radical 1, which requires vacuum UV or X-ray 

irradiation.  

 
Scheme 2.1. The generation of the benzhydryl cation 2a on irradiation of the radical 1a 

with 308 nm light in acetonitrile. 

Photoionization can also be used to generate carbocations under the conditions 

of matrix isolation. Thus, vacuum UV irradiation, using an Ar-discharge light source, 

of the phenyl radical 1b during deposition of an argon matrix produces the phenyl cation 

2b, one of the most reactive carbocations (Scheme 2.2).77-78 In solid argon at cryogenic 

temperatures benzhydryl cation is stable and could be characterized by IR spectroscopy. 

In a very detailed study, Bally et al. used X-ray irradiation to ionize the allyl 

radical 1c and the benzyl radical 1d to obtain the corresponding allyl and benzyl cation 

2c and 2d, respectively.79 In these experiments, iodides R-I were used as precursors for 
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the radicals. The iodine atoms formed concomitantly serve as excellent scavenger for 

the electrons produced during the ionization. 

 
Scheme 2.2. The generation of carbocations from their corresponding radicals using VUV 

irradiation under matrix isolation conditions. 

Since the photoionization in the solid state produces charged species, the 

polarity of the matrix host should have a considerable influence on the yield and 

stability of the cation. Both recombination with the free electron and reactions with 

reactive matrices reduce the yield of the cation. Thus, the phenyl cation 2b even reacts 

with molecular nitrogen in a barrierless, highly exothermic reaction. Polar matrices 

such as amorphous water-ice or organic glasses will stabilize the cation, but might also 

lead to unwanted side reactions. 

Here, the isolation and spectroscopic characterization of the benzhydryl radical 

1a in both pure argon and amorphous water-ice matrices at 3 K via matrix isolation 

techniques were studied. The photochemistry of the radical was also studied in detail. 

Photoionization of the radical was done in apolar solid argon. For these studies, a highly 

efficient radical source that avoids the generation of electron scavengers such as 

halogen atoms as byproducts was developed. Thus, photolysis or thermolysis of halides 

R-X, which are frequently used radical sources, was not advised. Instead, the flash 

vacuum thermolysis (FVT) of 1,1,2,2-tetraphenylethene 4 with subsequent trapping of 

the products in argon at cryogenic temperatures (4–20 K) to produce the radical 1a in 

very high yield was used. 
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Figure 2.1. The structure of 1,1,2,2-tetraphenylethane 4. 

2.2. Results and Discussions 

2.2.1. Matrix Isolation and spectroscopic characterization of 1,1,2,2- 

tetraphenylethane 

The symmetry present in 1,1,2,2-tetraphenylethane 4 allows for the easy carbon-

carbon single bond cleavage leading to the formation of a pair of identical benzhydryl 

radicals also known as benzhydryl radicals. Studies of structures with similar bond 

breaking mechanisms for the generation of radicals have been reported.80 

The sublimation temperature of 4 is around 130–135 °C at a pressure of  

~ 10-5 mbar. 4, along with an excess of gas (which forms the matrix) was deposited onto 

the cold spectroscopic window maintained at different temperatures according to the 

matrix gas used in the experiment e.g., argon (deposited at 25 K) and amorphous water-

ice (deposited at 55 K). The window was then cooled down to 3 K for spectroscopic 

studies. IR and UV-vis studies were performed.  

The IR spectrum of 4 in pure solid argon shows very strong and characteristic 

peaks at 610.6, 699.2 and 743.6 cm-1 and is in good agreement with the calculated 

spectrum obtained at the B3LYP-D3/6-311++G(d,p) level of theory as well as with the 

spectrum obtained from NIST, SDBS databases (Figure 2.2, Table 2.1). UV-vis 

spectrum of 4 shows absorption bands at 219, 223, 248.6, 256.0, 262.0 and 269.1 nm 

in argon matrix (Figure 2.3) while at 228, 249.2, 256.8, 261.5 and 269.2 nm in 

amorphous water-ice matrix (Figure 2.4). The complex structure of 4 makes it difficult 

to resolve the peaks in the UV-vis spectrum. 
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Figure 2.2. IR spectra of matrix isolated 1,1,2,2-tetraphenylethane 4 in argon matrix at  

3 K in (500-1700) cm-1 range (above) and in (2400-3500) cm-1 range (below) a) IR spectrum 

of 4 in argon matrix deposited at 25 K and recorded at 3 K. b) IR spectrum of 4 calculated 

at the B3LYP-D3/6-311++G(d,p) level of theory. 



 

Chapter 2  Benzhydryl Radical 

 

22 

 

Figure 2.3. UV-vis spectrum of 1,1,2,2-tetraphenylethane 4 in argon matrix deposited at 

25 K and recorded at 10 K. 

Figure 2.4. UV-vis spectrum of 1,1,2,2-tetraphenylethane 4 in amorphous water-ice matrix 

deposited at 55 K and recorded at 10 K. 



 

Chapter 2  Benzhydryl Radical 

 

23 

 

Table 2.1. Experimental and calculated vibrational frequencies of 1,1,2,2-

tetraphenylethane 4. 

Mode Sym Calculateda 

ν/cm-1 (Iabs)
c 

Argonb 

ν/cm-1 (Irel)
d 

Assignment 

27 A 574.6 (8.0) 566.0 (4.4) Skeletal vibrations. 

29 A 618.5 (43.0) 610.6 (17.1) Skeletal vibrations. 

37 A 716.0 (103.0) 699.2 (100) Ring C-H bend (out of plane) 

42 A 770.3 (6.0) 743.6 (48.6) Ring C-H bend (out of plane) 

44 A 785.9 (10.0) 767.2 (1.19) Ring C-H bend (out of plane) 

54 A 947.6 (3.0) 914.0 (1.9) Ring C-H bend (out of plane) 

56 A 981.6 (2.0) 924.6 (1.1) 
Ring C-H bend (out of plane) + C-C 

stretch 

70 A 1054.1 (3.0) 1033.2 (6.5) Ring stretch 

75 A 1114.7(10.0) 1074.8 (6.2) Ring C-H bend (in the plane) 

82 A 1191.0 (1.0) 1156.9 (0.7) Ring C-H bend (in the plane) 

87 A 1221.3 (1.0) 1216.4 (1.0) Ring C-H bend (in the plane) 

96 A 1359.2 (4.0) 1335.9 (0.6) Ring C-H bend (in the plane) 

100 A 1407.6 (4.0) 1361.5 (0.3) C-H bend 

101 A 1478.9 (9.0) 1452.4 
(13.8) Ring C-H +ring bend 

104 A 1486.7 (4.0) 1456.7 

105 A 1525.5 (3.0) 
1494.5 

1497.9 
(27.9) Symm. C-C stretch 

114 A 1639.8 (13.0) 1603.1 (27.4) Symm. C-C stretch 

118 A 3042.1 (12.0) 2904.4 (20.1) Symm. C-H stretch 

119 A 3144.7 (8.0) 3009.6 (2.3) Ring asymm. C-H stretch 

128 A 3170.8 (23.0) 3034.8 (26.1) Ring asymm. C-H stretch 

131 A 3184.2 (30.0) 3070.4 (10.9) Ring asymm. C-H stretch 

135 A 3199.1 (3.0) 3093.9 (3.9) Ring asymm. C-H stretch 

138 A 3213.8 (2.0) 3113.3 (14.3) Ring symm. C-H stretch 
a Calculated at the B3LYP-D3/6-311++G(d,p) level of theory. b In argon matrix at 3 K. c 

Absolute intensities in km/mol. d Relative intensities based on the strongest observed 

absorption band. 

2.2.2. Matrix isolation and spectroscopic characterization of the benzhydryl 

radical. 

The benzhydryl radical 1a was generated in good yields by the FVT 4 at 

(550-560) °C using the sublimation cum thermolysis oven in different matrices. 

(i) In Argon matrix: The products of the FVT of 4 together with a large excess 

of argon were deposited on to the cold spectroscopic window at 3 K (Scheme 2.3). IR, 

UV-vis and EPR measurements were performed. The FVT of 4 is highly efficient, and 

yields of 1a of >95% can be achieved. The only major contamination observed in the 

spectra of these matrices is remaining precursor 4 (< 5%). 
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Scheme 2.3. Generation of the benzhydryl radical 1a by the FVT of 4 at (550-560) °C in 

solid argon at 3 K. 

The IR spectrum of matrix isolated 1a in argon shows the presence of strong 

peaks at 1446.6, 777.8 and 675.9 cm-1 and is in good agreement with the calculated 

spectrum obtained at the B3LYP-D3/6-311++G(d,p) level of theory. (Figure 2.5, Table 

2.2). 

 

Figure 2.5. IR spectra of the benzhydryl radical 1a in argon matrix at 3 K. a) IR spectrum 

showing the formation of 1a in argon at 3 K by FVT of 4 at (550-560) °C. Asterisks (*) 

represent the non-thermolysed precursor 4. b) IR spectrum of 1a calculated at the B3LYP-

D3/6-311++G(d,p) level of theory. 

The displacement vectors corresponding to the normal modes of vibration for 

the prominent peaks of the radical 1a are shown in Figure 2.6. 



 

Chapter 2  Benzhydryl Radical 

 

25 

 

 
Figure 2.6. Displacement vectors of the normal modes of vibration of the intense peaks of 

the benzhydryl radical 1a. 

The UV-vis spectrum of 1a in solid argon shows a sharp band with a maximum 

absorption at 324 nm and a progression at 304 and 296 nm (Figure 2.7) and is also in 

good agreement with the literature.81-83 

Figure 2.7. UV-vis spectrum of the benzhydryl radical 1a generated by FVT of 4 at  

(550-560) °C in argon matrix at 3 K.  

ii) In amorphous water-ice: The products of the FVT of 4 together with a large 

excess of water vapor were deposited on to the cold spectroscopic window at 3 K 

(Scheme 2.4). IR, UV-vis and EPR measurements were performed.  
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Scheme 2.4. Generation of the benzhydryl radical 1a by the FVT of 4 at (550-560) °C in 

amorphous water-ice matrix at 3 K. 

The water vapor was deposited on to the cold cesium iodide CsI window to form 

the amorphous water-ice matrix. Comparing the spectra with the spectra in argon, it is 

observed that the amorphous water-ice is not a good choice as a matrix for the complete 

isolation of the radical. Hence, along with the formation of 1a, visible amounts of the 

dimer 1,1,2,2-tetraphenylethane 4 (precursor) were observed. On annealing the ice 

matrix, all of the radicals dimerized to reform the precursor 4 (Figure 2.8). The IR 

spectrum of 1a in amorphous water-ice matrix was recorded with only the strongest 

features of 678.6, 746.1, 1022.1, 1447.7 and 1477.4 cm-1 being clearly visible (Figure 

2.8(a), Table 2.2). The peaks are slightly shifted due to the nature of the matrix used. 

The IR spectrum of 1a was also recorded in D2O matrix. 

Figure 2.8. IR spectra of the benzhydryl radical 1a in amorphous water-ice matrix. a) IR 

spectrum of showing the formation of 1a by the FVT of 4 at (550-560) °C in amorphous 

water-ice matrix at 3 K. The asterisks (*) denote the precursor 4 formed back due to the 
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recombination of 1a in amorphous water-ice matrix. b) Difference IR spectrum: bands 

pointing downwards are disappearing in intensity upon warming from 4 K to 110 K and are 

assigned to 1a, bands pointing upwards shows the appearance of the precursor 4. c) IR 

spectrum of 4 in amorphous water-ice matrix at 3 K. 

The UV-vis spectrum of 1a in water matrix shows a strong and broad absorption 

at 329 nm (Figure 2.9).84-87 It is red shifted to the values obtained with argon. 

Figure 2.9. UV-vis spectrum of the benzhydryl radical 1a generated by FVT of 4 at 

(550-560) °C in amorphous water-ice at 10 K.  

2.2.3. EPR studies of the benzhydryl radical 

(i) In argon matrix: The products of the FVT of 4 together with a large excess 

of argon were deposited onto an oxygen free copper (Cu) rod at 5 K. The oven was 

heated for a few hours to get rid of the signals due to methyl radicals obtained during 

the pyrolysis experiments by default. The radical 1a exhibits very intense EPR signals 

in the radical region around 330-340 mT. The experimental EPR spectrum obtained is 

confidently assigned to 1a through simulation (Xsophie) with hyperfine coupling 

constants aα = 14.8 G, ao = 3.7 G, am = 1.1 G, ap = 4.1 G comparable to the reported 

values (Figure 2.10).88-91 
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Figure 2.10. EPR spectra showing the formation of the benzhydryl radical 1a. Black line 

represents the simulated spectrum obtained by providing the hyperfine coupling constants 

using Xsophie software. Dotted black line represents the experimental spectrum obtained 

after FVT of 4 at (550-560) °C in pure argon matrix at 5 K. 

(ii) In amorphous water-ice: EPR studies of 1a in amorphous water-ice were 

performed in the same way as with argon. The EPR spectrum shows a broad unresolved 

signal in the 330-340 mT region. The signal was identified as that of the radical 1a in 

accordance with the literature. The broadness in the signal is due to the amorphous 

water-ice matrix (Figure 2.11).  
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Figure 2.11. EPR spectrum showing the formation of the benzhydryl radical 1a by FVT of 

4 at (550-560) °C in amorphous water-ice at 5 K.  

Table 2.2. Experimental and calculated vibrational frequencies of the benzhydryl 

radical 1a. 

Mode Sym 
Calculateda 

ν/cm-1 (Iabs)
d 

Argonb 

ν/cm-1 (Irel)
e 

Amorphous 

water-icec 

ν/cm-1 (Irel)
e 

Assignment 

11 B 489.0 (20.0) 486.6 (15.3) 486.5 (21.0) C-H bend (wagging) 

12 B 578.0 (12.0) 563.5 (19.4) 563.8 (18.0) Ring stretch 

16 B 689.0 (59.0) 675.9 (100) 677.4 (66.2) C-H bend (wagging) 

17 A 698.0 (6.0) 683.8 (15.1) - C-H bend (wagging) 

18 B 711.0 (32.0) 688.1 (31.2) - 
C-H bend (out of plane) 

radical center 

19 A 758.0 (5.0) 745.9 (14.1) 746.8 (42.3) C-H bend (wagging) 

20 B 794.0 (56.0) 777.8 (97.2) 781.4 (100.0) C-H bend (wagging) 

22 B 837.0 (1.0) 822.4 (4.2) - C-H bend(twisting) 

25 B 912.0 (7.0) 
894.3 

896.2 
(14.3) 897.9 (34.1) C-H bend(twisting) 

31 B 1001.0 (1.0) 942.4 (1.1) - C=C str. Ring 

33 B 1044.0 (8.0) 1024.3 (12.4) 1021.6(4.5) C-H bend (in plane) 

35 B 1102.0 (1.0) 1092.4 (4.1) - C-H bend (in plane) 

36 A 1120.0 (7.0) 1108.8 (6.2) 1109.3 (13.7) C-H bend (in plane) 

43 A 1327.0 (1.0) 1320.0 (1.6) 1320.5 (11.9) C=C str. Ring 

48 A 1474.0 (7.0) 1446.6 (39.8) 1447.5 (40.2 C=C str. Ring 

49 B 1496.0 (10.0) 1473.3 (32.9) 
1475.2(19.7) 

Asymm. C-C-C stretch 

(radical center) 50 B 1507.0 (23.0) 1478.4 (20.7) 

53 A 1588.0 (2.0) 1567.3 (2.3) - C=C str. Ring  

54 B 1605.0 (6.0) 1591.4 (0.7) - C=C str. Ring 
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56 A 3138.0 (7.0) 3013.1 (64.5) - 
C-H stretch (radical 

center) 

62 A 3173.0 (45.0) 3067.5 (73.4) - C-H str. Ring  

63 B 3186.0 (49.0) 3077.3 (91.3) - C-H str. Ring  

a Calculated at the B3LYP-D3/6-311++G (d,p) level of theory. b In argon matrix at 3 K. c In 

amorphous water-ice matrix at 3 K. d Absolute intensities in km/mol. e Relative intensities 

based on the strongest observed absorption band. 

2.2.4. Photochemistry of the benzhydryl radical 

After the deposition of the FVT products of 4 in argon, the matrix was irradiated 

with lights of varying wavelengths, for example, LED ranging from 650 nm to 365 nm, 

XeCl excimer laser, mercury arc lamps producing UV light and Ar-discharge lamp. Out 

of these light sources none of them could excite the radical 1a to induce photochemical 

changes except the XeCl excimer laser and the Ar-discharge lamp. Thus, the 

photoionization of 1a was investigated in solid argon using an Ar-discharge lamp (105 

nm cutoff, corresponding to 11.6 eV) and a XeCl excimer laser (308 nm, corresponding 

to 4.0 eV). The ionization potential of 1a in the gas phase is calculated to be 6.5 eV at 

the B3LYP-D3/6-311++G(d,p) level of theory, and therefore, the energy of the light of 

the Ar-discharge lamp is more than sufficient for the ionization of 1a, whereas two 

photons would be required with the XeCl laser (308 nm). 

During Ar-discharge-lamp photolysis of 1a in argon matrix at 10 K, the matrix 

turned slightly yellow, and a very weak visible absorption with a maximum at 443 nm 

was observed. This band is close to that reported for the benzhydryl cation 2a obtained 

by protonation of diphenylcarbene 3 in amorphous water-ice.83 The yield of the cation 

2a obtained during the photolysis is low and does not increase after prolonged 

irradiation. Slightly higher yields of 2a are obtained if the matrix-isolated radical 1a 

was irradiated using a XeCl excimer laser (308 nm, 0.3 J/pulse), although the ionization 

of 1a is still not efficient (Figure 2.12). These experiments demonstrate that the matrix-

isolated radical 1a can be ionized via one or two photon processes, however, the yield 

of cation 2a is very low, presumably because of the ejected electrons recombining with 

the cation. Such low-yields of photoionization of PAH molecules trapped in neon and 

argon matrices have been well documented in the literature and are attributed to 

electron-ion recombination within the matrix cage soon after ionization. 
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Figure 2.12. UV-vis spectra showing the formation of the benzhydryl cation 2a upon 

irradiation of the benzhydryl radical 1a with 308 nm XeCl laser in argon matrix at 10 K 

showing the inefficient conversion to 2a. The spectra on the righthand side is zoomed 10 

times. 

2.2.5. Photoionization in amorphous water-ice 

FVT of 4 and trapping of the products with water at 4 K produced transparent 

matrices of amorphous water-ice doped with the radical 1a. As described in 

Section.2.2.2., radical 1a in water was identified by IR, UV-vis, and EPR spectroscopy, 

and a very good match between the spectra in solid argon and amorphous water-ice was 

found. The major difference is that the IR and EPR spectra in water show broader 

linewidths and less fine structure than in argon. This presumably results from the less 

homogeneous matrix environment in water compared to argon, as noted in earlier 

publications.36, 92 

Surprisingly, 1a isolated in amorphous water-ice matrix, shows excellent and 

prominent photochemistry. Irradiation of 1a with Ar-discharge lamp, 308 nm XeCl 

laser, 365 nm LED and 280-400 nm (with 320 nm filter) mercury arc lamp leads to the 

disappearance of the radical peak and appearance of new peaks in high yields at 477.4, 

561, 995, 1180, 1223.7, 1338.8, 1362.0, 1426.0, 1451.0, 1521.6 and 1580.1 cm-1. These 

new peaks were assigned to the benzhydryl cation 2a as noted in earlier publications.83 
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However, the photoionization of 1a in amorphous water-ice matrix is highly efficient 

with the 308-nm laser, resulting in high yields (approximately 60%) of the cation 2a 

(Figure 2.13).  

Figure 2.13. IR spectra of the benzhydryl cation 2a in amorphous water-ice matrix at 3 K. 

a) Difference IR spectrum showing the formation of the cation 2a upon 308 nm irradiation 

of the radical 1a. Peaks pointing downwards show the disappearance of 1a while peaks 

pointing upwards shows the appearance of 2a together with 4 (*). b) IR spectrum of 2a 

obtained by protonation of carbene 3 in amorphous water-ice matrix.93 

The IR spectrum of the cation 2a in amorphous water-ice matrix obtained by the 

photoionization of the radical 1a is in excellent agreement with the spectrum obtained 

by protonation of carbene 3 in the same matrix, clearly indicating the formation of 2a 

via two independent routes: radical ionization and carbene protonation. 

The UV-vis spectrum of the formation of the cation 2a from the photolysis of 

the radical 1a at 10 K further confirms the presence of 2a (Figure 2.14). This is in very 

good agreement with the literature.85, 94-95  
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Figure 2.14. UV-vis spectra showing the decay of the radical 1a at 329 nm and the 

formation of the benzhydryl cation 2a at 443 nm together with 4 at 261 nm on using  

308 nm XeCl Laser in pure amorphous water-ice matrix at 10 K. 

The color of the matrix turns yellow on irradiating the radical 1a (Figure 2.15). 

This adds to the evidence of the formation of the cation 2a from the radical 1a. 

 
 

Figure 2.15. Generation of a yellow colored matrix on irradiation of the benzhydryl radical 

1a due to the formation of the benzhydryl cation 2a (a) in the UV matrix cold head (b) in 

the IR matrix cold head. 

If 1a is isolated in a D2O matrix, 308 nm photolysis leads to 2a without 

incorporation of deuterium, as expected (Figure 2.16). 

a b 
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Figure 2.16. IR spectra of the benzhydryl cation 2a in different matrices at 3 K. Difference 

IR spectrum of 2a in (a) amorphous water-ice and (b) D2O matrix obtained after 308nm 

XeCl laser irradiation of the benzhydryl radical 1a at 3 K. Peaks pointing downwards show 

the disappearance of 1a while peaks pointing upwards shows the appearance of 2a together 

with the formation of 1,1,2,2-tetraphenylethane 4 marked with asterisk (*). 

In contrast, if 2a is synthesized via carbene protonation, deuterium is 

incorporated in solid D2O (Scheme 2.5).  

 
Scheme 2.5. Generation of the benzhydryl cation 2a from two different sources i.e., radical 

1a and carbene 3. The radical route forms the 2a whether H2O or D2O is used. The carbene 

route leads to the formation of deuterated cation on using D2O. 

Prolonged exposure of the radical 1a to the 308 nm Laser/365 nm LED/320-400 

nm mercury arc lamp leads to the complete disappearance of 2a (443 nm) followed by 
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the decrease of the radical 1a band at 329 nm and subsequent increase of the precursor 

4 peak (Figure 2.17, Scheme 2.6). 

 
Scheme 2.6. The generation of the benzhydryl radical 1a by the FVT of 4 and its 

photochemistry in amorphous water-ice matrix at 3 K. 

Figure 2.17. UV-vis spectrum showing the end fate of the benzhydryl radical 1a due to 

prolonged irradiation for more than 20 hours. Bold black line: UV-vis spectrum of the 

benzhydryl radical 1a in amorphous water-ice matrix at 9 K with absorption peak at 329 

nm. Black dotted line: The formation of 4 on prolonged irradiation of 1a with 280-400 nm 

Hg lamp for more than 20 hours. 

2a is a transient species and, on annealing, it disappears without the formation 

of any new products. 
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2.3. Conclusion 

Thus, the benzhydryl radical was successfully generated and characterized in 

argon, amorphous water-ice, and D2O matrices at a temperature of 3 K in good yields. 

Amorphous water-ice and D2O ice cooled to 3 K act as good electron traps and hence, 

the formation of the benzhydryl cation is possible on irradiation as the ionization energy 

is effectively lowered from 6.5 eV to around 3.8 eV (LED shorter wavelength limit), 

unlike argon. Supplying appropriate energy to the benzhydryl radical isolated in a pool 

of amorphous water-ice allows for the easy excitation of the radical and the transfer of 

the electron to the amorphous water-ice to form the benzhydryl cation. Thus, organic 

radicals behave similarly to neutral PAHs in that their photoionization is very efficient 

in amorphous water-ice. 

Prolonged irradiation with 280-400 nm Hg lamp/308 nm Laser/365 nm LED 

leads to the decay of both the benzhydryl cation and radical followed by the increase in 

the intensity of 1,1,2,2-tetraphenylethane. This shows that the radical-radical coupling 

(dimerization) is a favored process when appropriate energy is provided. 

Thus, a new route for the formation of the benzhydryl cation in neutral medium 

is described here which paves the way for further interesting chemistry. 
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3. Benzhydryl Cation 

3.1. Introduction 

Ionized molecules are energy-rich and highly reactive species, making further 

chemical reactions mostly barrierless processes. Even at 5 K, ionized PAHs readily 

undergo hydrogenation and oxygenation (forming hydroxy-PAHs).96 Understanding 

radiation-induced chemical pathways of organic matter in water-dominated ice medium 

is also important for our understanding of how pollution effects Earth’s cryosphere 

(polar ice caps to snow and glaciers to cirrus cloud dominated by ice grains).20-22 

Finally, organic chemistry in ice medium also helps to understand the processes of 

cryosolvation and radiation biology. Thus, the photoionization of organic molecules to 

generate highly reactive species is the center of many complex chemical reaction 

pathways both on Earth and in a wide variety of environments in our Solar System and 

beyond.23-24 

The ionization of organic molecules, specifically PAHs is very efficient in 

water-ice medium.97-98 Both the ionized PAH (cation) and electron are stabilized in 

water-ice. However, the fate of electron is still not completely understood. Riedle et. al. 

described the ultrafast UV photochemistry of benzhydryl chloride, which 

predominantly results in the homolytic bond cleavage and formation of a radical pair 

between 1a and chlorine (Cl) atoms.90 Radical pairs with small inter-radical distances 

undergo efficient electron transfer (43% in CH3CN as solvent) to form benzhydryl 

cations and chloride anions with a mean electron transfer time of 22 ps (Scheme 3.1). 

Interestingly, the direct heterolysis of Ph2CHCl 5 to form the ion pair is only a very 

minor reaction channel. 

 

Scheme 3.1. Ultrafast UV photochemistry of benzhydryl chloride 5 leading to the 

formation of radical pair and eventually cation pair as observed by Riedle et al. 

Amorphous water-ice is a polar matrix that stabilizes cations and thus reduces 

the ionization potential of neutral compounds.98 Gudipati et al. studied the 
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photoionization of PAHs in amorphous water-ice and estimated that this matrix 

stabilizes the radical cations of these hydrocarbons by up to 2 eV.99-100  

Here two key questions are addressed: (a) How are organic radicals different 

from neutral molecules in regard to the ionization in water-ice? Is it possible to attach 

electrons to aromatic radicals forming negatively charged anions in water-ice? 

Benzhydryl radical as studied in Chapter 2 was used to answer these questions. One of 

the questions addressed is: does photoionization of the benzhydryl radical results not 

only in the benzhydryl cation but in addition in the benzhydryl anion by electron 

attachment? A major difference between ionization of a neutral molecule such as a PAH 

and a radical such as the benzhydryl radical is that the former goes from a closed-shell 

to an open-shell electronic configuration, whereas the latter starts with open-shell and 

leads to closed-shell electronic configuration upon ionization through removal of an 

electron (cations) or by the addition of an electron (anions). Hence, comparing these 

two cases would help to understand the chemical evolution of organic matter in water-

ice environment. 

Here, the reversible photoionization of the benzhydryl radical 1a in amorphous 

water-ice matrices was studied. The efficiency of the photoionization of the radical 1a 

depends on two main factors: (i) the capability of the matrix to stabilize the benzhydryl 

cation 2a, and (ii) efficient trapping of the electron ejected from 1a that hinders electron 

recombination with the cation 2a to form back the radical 1a. Therefore, the 

photoionization in both apolar solid argon, polar 1% CH2Cl2 doped argon and polar 

amorphous water-ice was also studied. 

3.2. Results and Discussions 

3.2.1. Matrix isolation and spectroscopic characterization of the benzhydryl cation 

The benzhydryl radical 1a was generated by FVT of 4 in argon matrix and was 

irradiated with 308 nm XeCl excimer laser or Ar-discharge lamp to form the benzhydryl 

cation 2a as mentioned in Chapter 2. The yield of 2a obtained in pure argon is very low. 

A strategy to increase the yield of 2a is therefore to use electron scavengers such 

as molecular oxygen or CH2Cl2 or CCl4.83 To generate 2a in argon matrix in high yields, 

different electron scavengers were used. When the argon matrices were doped with 1% 

O2 or CH2Cl2, the yield of 2a increased drastically. Irradiation experiments with both 

the argon discharge lamp (105 nm cutoff, corresponding to 11.6 eV) and XeCl excimer 

laser (308 nm, corresponding to 4.0 eV) were performed.  
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1a in argon matrices doped with 1% O2 or CH2Cl2 was irradiated with Ar-

discharge lamp. The Ar-discharge lamp setup is shown in Figure 3.1. The IR spectrum 

shows the formation of bands at 1580, 1522 and 1180 cm-1. These peaks correspond to 

the formation of the cation 2a. Thus, the peaks corresponding to 2a increased in 

intensity whereas peaks corresponding to the radical 1a decreased in intensity. 

However, only the intense peaks corresponding to 2a were observed (Figure 3.2). The 

yield of 2a obtained during the photolysis with Ar-discharge lamp is low and does not 

increase after prolonged irradiation. 

 

Figure 3.1. The Ar-discharge lamp mounted onto the cold head of the cart for the photolysis 

of benzhydryl radical 1a in argon matrices doped with 1% O2 or CH2Cl2 at 3 K. 
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Figure 3.2. IR spectra of the benzhydryl cation 2a formed on irradiation of the benzhydryl 

radical 1a with Ar-discharge lamp in different argon matrices at 3 K. a) Difference IR 

spectrum showing the formation of 2a upon Ar-discharge lamp irradiation of 1a in solid 

argon matrix at 3 K. b) Difference IR spectrum showing the formation of 2a upon Ar-

discharge lamp irradiation of 1a in 1% O2-doped argon matrix at 3 K. c) Difference IR 

spectrum showing the formation of 2a upon Ar-discharge lamp irradiation of 1a in 1% 

CH2Cl2 doped argon matrix at 3 K. d) IR spectrum of 2a calculated at the B3LYP-D3/6-

311++G(d,p) level of theory. Peaks pointing downwards belong to 1a while peaks pointing 

upwards belong to 2a. 

With a conversion efficiency of 20% of 1a, the highest yields of 2a were 

obtained with CH2Cl2 as electron scavenger and 308 nm laser photolysis (Figure 3.3). 

In these experiments, the IR bands of the radical 1a and of CH2Cl2 decrease in intensity 

during irradiation, while that of the cation 2a and CH2Cl radical are formed. Analysis 

of the spectra reveals that equal amounts of 2a and CH2Cl radicals are formed, 

indicating that CH2Cl2 is efficiently cleaved into CH2Cl and Cl– anion upon electron 

attachment (Equation 3.1, Scheme 3.2). 

𝐶𝐻2𝐶𝑙2 + 𝑒
− → 𝐶𝐻2𝐶𝑙

∙ + 𝐶𝑙−    (3.1) 

The CH2Cl radical was identified by the formation of bands at 824−833, 1390, 

and 3048-3052 cm−1 on 308 nm XeCl excimer laser photolysis of 1a in 1% CH2Cl2 

doped argon matrix. The IR spectra of CH2Cl2 and CH2Cl radical are also in very good 

agreement with the calculated spectrum obtained at the B3LYP-D3/6-311++G(d,p) 
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level of theory (Figure 3.3). The band at 824-833 cm-1 refers to the C-Cl stretch (ν3), 

1390 cm-1 refers to the CH2 scissoring mode (ν2) and 3048-3052 cm-1 refers to CH2 

symmetric stretch (ν1) vibration.101-104 

 
Scheme 3.2. The photoirradiation of the benzhydryl radical 1a with Ar-discharge lamp or  

308 nm XeCl excimer laser in 1% CH2Cl2 doped argon matrix at 3 K. 

Figure 3.3. IR spectra showing the formation of chloromethyl radical (CH2Cl) upon 

irradiation of dichloromethane (CH2Cl2) with 308 nm XeCl excimer laser at 3 K. a) 

Difference IR spectrum showing the formation of chloromethyl radical (CH2Cl) (marked 

in asterisk (*)) and the benzhydryl cation 2a upon irradiation of the benzhydryl radical 1a 
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in 1% CH2Cl2 doped argon matrix with 308 nm laser at 3 K. Peaks pointing downwards 

show the depletion of the radical 1a and CH2Cl2 (marked) while peaks pointing upwards 

show the formation of the cation 2a and CH2Cl radical (marked with asterisk (*)) b) 

Difference IR spectrum between CH2Cl radical and CH2Cl2 calculated at the B3LYP-D3/6-

311++G(d,p) level of theory. Peaks pointing downwards show the depletion of CH2Cl2 

while peaks pointing upwards show the formation of CH2Cl radical. c) Plotted IR spectrum 

of chloromethyl radical (CH2Cl) using IR positions obtained from the literature.101 

Electron capture with O2 is less efficient with Ar-discharge lamp and XeCl 

excimer laser leading to lower yields of 2a. Presumably, O2
– is formed and is not visible 

in the IR spectrum. The IR spectra of the benzhydryl cation 2a generated in different 

matrices upon 308 nm XeCl excimer laser irradiation has been plotted and is shown in 

Figure 3.4. 

Figure 3.4. IR spectra of the benzhydryl cation 2a formed on irradiation with 308 nm XeCl 

excimer laser in argon matrices at 3 K. a) Difference IR spectrum showing the formation 

of 2a upon 308 nm irradiation of 1a in solid argon matrix at 3 K. b) Difference IR spectrum 

produced after 308 nm irradiation of 1a in 1% O2-doped argon matrix at 3 K. c) Difference 

IR spectrum produced after 308 nm irradiation of 1a in 1% CH2Cl2 doped argon matrix at 

3 K. d) Difference IR spectrum 2a-1a calculated at the B3LYP-D3/6-311++G(d,p) level of 

theory. Peaks pointing downwards belong to 1a while peaks pointing upwards belong to 

the benzhydryl cation 2a. 
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As already described in Chapter 2, the photoionization of the radical 1a is highly 

efficient in amorphous water-ice matrix. The yields of 2a obtained via photoionization 

of the radical 1a in amorphous water-ice is approximately 60% in comparison to the 

photoionization of 1a in CH2Cl2 doped argon matrix which is only 20%. Thus, 2a 

obtained from different sources (radical 1a or diphenylcarbene 3) and isolated in 

different matrices (amorphous water-ice and 1% CH2Cl2 doped argon) gives us the same 

result showing the various routes of its exclusive formation as shown in Figure 3.5. 

Figure 3.5. IR spectra of the benzhydryl cation 2a at 3 K. a) Difference IR spectrum 

showing the formation of 2a by annealing the matrix containing the carbene 3 in amorphous 

water-ice obtained from the literature.94 b) Difference IR spectrum showing the formation 

of 2a in amorphous water-ice matrix upon irradiation of the radical 1a at 3 K. Peaks 

pointing downwards show the disappearance of the radical 1a while peaks pointing 

upwards show the appearance of the cation 2a together with the formation of 1,1,2,2-

tetraphenylethane 5 marked with asterisk (*). c) Difference IR spectrum showing the 

formation of the cation 2a upon irradiation of the radical 1a in 1% CH2Cl2 doped argon 

matrix with 308 nm XeCl excimer laser at 3 K. Peaks pointing downwards show the 

disappearance of the benzhydryl radical 1a while peaks pointing upwards show the 

appearance of the benzhydryl cation 2a. d) IR spectrum of 2a calculated at the B3LYP-

D3/6-311++G(d,p) level of theory. 
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Figure 3.6. Displacement vectors of the normal modes of vibration of the intense peaks of 

the benzhydryl cation 2a. 

Table 3.1. Experimental and calculated vibrational frequencies of the benzhydryl 

cation 2a. 

Mode Sym 
Calculateda 

ν/cm-1 (Iabs)e 

Amorphous 

water-iceb 

ν/cm-1 (Irel.)f 

Argon, 1% 

CH2Cl2
c 

ν/cm-1 (Irel.)f 

Shiftd Assignment 

11 B 493.0 (70.0) 482.0 (4.7)  - C-H bend (o.o.p) 

12 B 578.0(44.0) 561.0 (2.2) 564.5 (9.4) -3.5 Skel. Vibr 

16 B 674.0 (71.0) - 660.8 (0.5) - C-H bend (wag) 

19 B 783.0 (88.0) - 772.1 (6.3) - C-H bend (wag) 

24 B 957.0 (26.0) - 938.1 (0.8) - C-H bend (twist) 

27 B 1007.0 (46.0) 995.3 (2.3) 995.6 (4.7) +0.2 C-H bend (twist) 

39 B 1214.0 (158.0) 1180.0 (31.8) 1180.2 (21.3) -0.2 
C-H bend 

(scissoring) 

41 B 1252.0 (44.0) 1223.7 (6.7) 1221.4 (3.6) +2.3 
C-H bend (radical 

center) 

44 B 1369.0 (106.0) 1338.8 (14.5) 
1332.0 

1344.4 

(20.

2) 
- 

C-H bend (in 

plane) 

46 B 1384.0 (180.0) 1362.0 (6.9) 1361.3 (11.6) +0.7 C=C str. Ring 

47 B 1458.0 (60.0) 1426.0 (8.7) 1429.4 (21.6) -3.4 C=C str. Ring 

48 A 1480.0 (50.0) 1451.0 (8.7) 1452.4 (8.3) -1.4 C=C str. Ring 

51 B 1560.0 (598.0) 1521.6 (100) 1523.7 (100) -2.1 C-C-C asym. str. 

52 B 1587.0 (44.0) - 1561.0 (0.8) - C=C str. Ring 

54 B 1623.0 (574.0) 1580.1 (82.9) 1580.3 (87.2) -0.2 C=C str. Ring 
a Calculated at the B3LYP-D3/6-311++G(d,p). b In amorphous water-ice at 3 K. c In 1% 

CH2Cl2 doped argon matrix at 3 K. d Frequency shift relative to the benzhydryl cation 2a in 

amorphous water-ice matrix. e Absolute intensities in km/mol. f Relative intensities based 

on the strongest observed absorption band. 

3.2.2. Energetics of photoionization in amorphous water-ice  

As seen in Chapter 2, Figure 2.9, the strongest absorption band of benzhydryl 

radical 1a in amorphous water-ice matrix is centered at around 330 nm. Hence, efficient 

ionization with 308 nm excimer laser is understandable, the energy available in a  

308 nm photon is 4 eV, about 2.5 eV lower than the gas-phase ionization of 1a 

mentioned earlier. Lowering of the ionization energy of PAHs trapped in amorphous 

water-ice has been observed earlier at similar magnitudes105 and theoretically 

corroborated.106 Thus, photoionization of the radical 1a to form the cation 2a with  
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308 nm laser is not very surprising, though multiphoton ionization cannot be completely 

ruled out under the conditions used for excimer laser photoionization. However, 

photoionization of 1a in water is also efficient with low-intensity light sources such as 

an in-house built LED lamps with narrow spectral bands. A 365 nm LED with full-

width-at-half-maximum (FWHM) of ~ 30 nm spanning from 340 nm to 400 nm or a 

high-pressure mercury arc lamp with 320 nm cut-off filter was used. At NASA-Jet 

Propulsion Laboratory (NASA-JPL), we found that prolonged waiting subsequent to 

the FVT deposition of 1a in amorphous water-ice matrix, while keeping the UV 

spectrometer light source constantly irradiating the ice sample results in continuous 

photoionization as well. As seen in Figure 3.7, growth of 2a was recorded while 1a was 

observed to reduce in intensity. The light source of the UV lamp is a combination of 

deuterium and halogen sources connected through fiber optics to the vacuum chamber, 

allowing light at > 210 nm to pass through the sample. All these observations clearly 

indicate lowering of the ionization energy of 1a in amorphous water-ice, in agreement 

with earlier studies. 

 
Figure 3.7. Top (A): FVT deposition of 1a in amorphous water-ice followed by monitoring 

the changes in the UV-vis spectra while waiting with UV-vis spectrometer lamp irradiating 

the ice. Bottom (B): irradiation with 100 eV electrons for 5 minutes subsequent to the 

waiting shown in A, followed by another 40 minutes waiting with UV-vis spectrometer 
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lamp on. During the entire experiment 1a is continuously depleted while 2a is produced 

due to photoionization of 1a. 

3.2.3. Photo-induced reversible electron transfer between benzhydryl radical and 

cation 

Yet another interesting photochemical pathway is showcased by 1a and 2a in 

1% O2 or CH2Cl2 doped argon matrices and amorphous water-ice matrix. 

2a with an absorption maximum at 443 nm formed by the 308 nm XeCl excimer 

laser irradiation was now subjected to further irradiation with 450 nm (3 W) light 

emitting diode (LED). Thus, irradiation of 1a with 308 nm laser for 4 hours leads to the 

appearance of strong absorption peaks of 2a and CH2Cl radical while the peaks 

corresponding to 1a and CH2Cl2 decrease in intensity. The color of the matrix also turns 

to yellow from colorless. The Cl atom formed during irradiation of CH2Cl2 effectively 

traps the electron released during the irradiation of 1a with 308 nm laser thereby, 

increasing the efficiency of the photoionization of 1a. 

This was followed by the irradiation of 2a with 450 nm LED as it absorbs in 

that region. Surprisingly, the intensity of the cation 2a decreases while that of the radical 

1a and CH2Cl2 increases (Figure 3.8). The relatively higher yields of 2a in 1% CH2Cl2 

doped argon matrix makes the back formation of 1a and CH2Cl2 possible. Further 

evidence to this back formation was the immediate bleaching of the yellow colored 

matrix. The radical formed back from the cation 2a was again photo-irradiated with 308 

nm laser and interestingly, the intensity of 2a in the IR spectrum increases.  

Thus, this interconversion was performed by using lights of specific 

wavelengths of 308 nm laser and 450 nm LED. This cycle was repeated a couple of 

times to verify the interconversion between 1a and 2a. The photoionization of 1a in 

argon and in 1% O2 doped argon matrix is completely irreversible, due to the low yields 

of 2a formed. This shows the inefficiency of the matrix to release the trapped electrons. 

However, the photoionization of 1a in 1% CH2Cl2 doped argon matrix is reversible 

upon irradiation of 2a and results in the back formation of 1a. The interconversion in 

this case is not quantitative and hence can be overall termed as irreversible (Figure 3.8). 

The fact that the interconversion is non-quantitative may be due to the presence of (i) 

the electron scavenger CH2Cl2 in the matrix, (ii) formation of various side products 

presumably in the form of complexes or (iii) due to the electron-ion recombination 

within the matrix cage soon after ionization. 
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Figure 3.8. The photochemical interconversion between the benzhydryl radical 1a and the 

benzhydryl cation 2a in 1% CH2Cl2 doped argon matrix at 3 K. The matrix is continuously 

irradiated with 308 nm XeCl excimer laser (marked) to form the cation 2a and CH2Cl 



 

Chapter 3  Benzhydryl Cation 

 

48 

 

radical from the radical 1a and CH2Cl2 respectively. This matrix is then again irradiated 

with 450 nm LED (marked) to form the radical 1a (R) and CH2Cl2 back. This cycle is 

repeated several times. 

3.2.4. Reversible photo-induced electron-ion recombination in amorphous water-

ice 

The photoionization of 1a in water-ice was performed. It is almost quantitatively 

reversible. When irradiated into the strong visible absorption of 2a with a maximum at 

443 nm (450 nm LED, 3 W) results in the almost quantitative recombination of 2a with 

an electron leading to the back formation of the radical 1a as shown in Figure 3.9. 

It is likely that the original electron is trapped very much near to the cation 2a 

that is readily accessible for the excited 2a to react with. Near quantitative conversion 

of 2a to 1a by photo-induced capturing of an electron strongly suggests that the electron 

affinity of 2a is higher than water-ice. Earlier studies demonstrated the thermally 

mediated electron-ion recombination, indicating the availability of electrons in 

amorphous water-ice.107 Further studies are warranted to understand the nature of 

electrons produced/trapped in amorphous water-ice that are readily available for 

photochemical reaction pathways. Though solvated (hydrated) electrons in water 

clusters are well studied,98, 107 identifying electrons in bulk ice is still a work in progress. 
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Figure 3.9. The photochemical interconversion between the benzhydryl radical 1a and the 

cation 2a in amorphous water-ice matrix at 10 K. Red line: UV-vis spectrum after 450 nm 

irradiation of 2a. Black line: UV-vis spectrum after 308 nm irradiation of the same matrix. 

Dotted red line: after subsequent 450 nm irradiation of the same matrix 1a is recovered. 
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Dotted black line: after subsequent 308 nm irradiation of the same matrix 2a is formed 

again. 

3.2.5. Quantification during the interconversion between the radical and the cation 

The interconversion between the radical 1a and the cation 2a is visible in 

amorphous water-ice matrix. However, this process requires quantification–in order to 

know whether during repeated cycles of interconversion, the amount of 2a and 1a 

obtained is consistent or not. Thus, the spectra obtained from repeated interconversion 

cycles were integrated. 

Forward cycle: 

 

Scheme 3.3. The generation of the benzhydryl cation 2a from the benzhydryl radical 1a by 

irradiation with 308 nm laser in amorphous water-ice matrix. 

Figure 3.10. The interconversion between the benzhydryl radical 1a and the benzhydryl 

cation 2a in amorphous water-ice matrix. 308 nm laser is used to convert 1a to 2a. 
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Figure 3.10 shows the decrease in the intensity of the radical signal 1a and the 

increase in the intensity of the cation 2a signal when 308 nm laser is used. The spectrum 

was integrated. The area covered by the radical 1a under each irradiation was calculated 

and subtracted from the area covered during previous irradiation to see the decrease in 

the intensity of the radical signal. Similarly, the same process was done for the cation 

2a signal at 443 nm in order to see the increase in the cation 2a signal. The ratio between 

1a and 2a was obtained and it was found that when the absorption of 1a decreased by 

1 absorption unit then the absorption of 2a increased 1.5 times. 

Reverse Cycle: 

 

Scheme 3.4. The generation of the benzhydryl radical 1a from the benzhydryl cation 2a by 

irradiating 2a with 450 nm in amorphous water-ice matrix. 

Figure 3.11. The interconversion between the benzhydryl radical 1a and the benzhydryl 

cation 2a in amorphous water-ice matrix. 450 nm LED is used to convert the cation 2a to 

the radical 1a. 
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Similarly, when the cation 2a signal obtained was irradiated again with 450 nm 

LED light, the spectra were integrated (Figure 3.11). The area covered by 1a under each 

irradiation was calculated and subtracted from the area covered during previous 

irradiation to see the increase in the intensity of the radical signal. The area covered by 

the radical 1a was obtained. Similarly, the same process was done for 2a signal at  

443 nm in order to see the decrease in the cation 2a signal. The ratio between 1a and 

2a was obtained. The cation 2a signal decreased 1.5 times and the radical signal 1a 

increased by 1. This shows that 2a obtained in Figure 3.10 was completely back 

converted to 1a in Figure 3.11.  

This cycle was repeated four times and the ratio of interconversion between 1a 

and 2a was 1:1.5. This means that the interconversion is quantitative because during 

the interconversion the ratio obtained from the conversion of 1a to cation 2a and the 

ratio from the conversion of 2a to 1a are always the same. 

Quantization of the peaks using (280-400) nm. 

Figure 3.12. Irradiation of the benzhydryl radical 1a with (280-400) nm mercury arc lamp 

for 2 minutes in amorphous water-ice matrix. 
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When the obtained 1a was irradiated for 2 minutes using (280-400) nm mercury 

arc lamp, 2a was obtained (Figure 3.12). The spectrum was integrated. The area covered 

by 1a during each irradiation was calculated and subtracted from the area covered 

during previous irradiation to see the decrease in the intensity of the radical signal. The 

same process was done for the cation 2a signal at 443 nm in order to see the increase 

because of the irradiation. The ratio between 1a and 2a was obtained and it was found 

that when the absorption of 1a decreased by 1 absorption unit then the absorption of 2a 

increased 1.5 times. Here apart from the formation of 2a nothing else was observed. 

3.2.6. Prolonged irradiation of the benzhydryl radical 

Figure 3.13. Irradiation of the benzhydryl radical 1a with (280-400) nm mercury arc lamp 

for more than 2 minutes in amorphous water-ice matrix. 

However, on further irradiation with the same wavelength, it is seen that the 

ratio between the decrease of 1a and the increase of 2a is not the same as was in the 

first 2 minutes. This is because together with the formation of 2a simultaneously there 

is the formation of the dimer 4. So, part of the signal of 1a is decreasing due to the 

formation of the dimer 4.  

The spectrum was integrated. The area covered by 1a during each irradiation 

was calculated and subtracted from the area covered during previous irradiation to see 
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the decrease in the intensity of the radical signal. The same procedure was done for the 

cation 2a signal at 443 nm in order to see the increase in the cation 3 signal. The ratio 

between the 1a and 2a was obtained. It was found out that when the absorption of 1a 

decreased by 2.5 absorption units then the absorption of 2a increased around 1 

absorption unit. Hence, more of the radical 1a decreases because it is forming the dimer 

4 and the cation 2a simultaneously as shown in Figure 3.13. On further irradiation of 

1a for 22 hours with (280-400) nm mercury arc lamp, the intensity of 1a as well as 2a 

decreases and that of the dimer increases. This is due to the light source used (280-400) 

nm, which might photolyze the broad absorption band of 2a thereby aiding the 

formation of the dimer 4. 

3.2.7. Electron Irradiation of the benzhydryl radical in amorphous water-ice 

With the aim of finding out whether low-energy electrons (5–50 V) would attach 

to 1a forming the anion of benzhydryl and/or whether electron irradiation could also 

result in ionization of 1a to produce 2a, mimicking some of the radiation-processes that 

occur in our solar system (through solar wind) and interstellar medium (cosmic ray 

induced local production of low-energy electrons in dense molecular clouds). For the 

formation of the anion, there is a competition between water-ice and 1a in terms of their 

electron affinity. Vertical dissociation energies (VDE) of electrons attached to water 

clusters are experimentally measured to be between 0 and 3.5 eV, increasing with the 

size of the cluster.106, 108 If electron affinity of 1a is higher than the surrounding water 

matrix, one can expect electron attachment to 1a. Attempts were made for the co-

deposition of the benzhydryl radical with water vapor and electrons of energy (10 eV-

50 eV) from the electron gun. Energy of the electrons were varied to study the 

appropriate energy of the electron to induce the photoionization i.e., to attach the 

electron to the radical. It was observed that low energy electrons (E< 40 eV) did not 

induce any photoionization to the radical in the gas phase before condensing onto the 

cold sapphire window at 4 K. However, electrons of 50 eV did induce photoionization 

of the radical to form the cation in the gas phase which then deposits on the cold 

sapphire window. Thus, the spectrum obtained contains a mixture of the benzhydryl 

radical 1a and the cation 2a (Figure 3.14).  
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Figure 3.14. Co-deposition of the benzhydryl radical 1a and water vapor with electrons of 

varying energy (20 eV–50 eV) from the electron gun. The UV-vis spectrum also shows the 

presence of the radical 1a and the cation 2a on co-depositing the radical with electrons of 

energy greater than 40 eV. 

Here in Figure 3.14, periodic wave-like pattern observed in the absorption 

spectrum is due to the formation of sub-micron thin-film ice that acts as an excellent 

medium for interference in the UV-vis-NIR spectral region. 

Further irradiating these ices with electrons of varying energies (100 eV-2000 

eV) caused the photoionization of 1a to form 2a instead of the anion (Figure 3.15). 
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Figure 3.15. Irradiation of the benzhydryl radical 1a in amorphous water-ice with electrons 

of varying energy (100 eV-2k eV) from the electron gun at 4.2 K. As the irradiation 

proceeds, the intensity of the radical 1a decreases while the intensity of the cation 2a at 443 

nm increases as shown in the spectrum. 

As reported in the literature, the benzhydryl anion has an absorbance at 460 nm 

and is formed when 4 is subjected to γ radiolysis in 2-methyltetrahydrofuran (MTHF) 

rigid glass at 77 K.109 Thus, our attempts to conduct low-energy electron attachment 

while depositing 1a simultaneously with electrons or subsequent irradiation with 

electrons did not result in any new product that could be assigned to the benzhydryl 

anion. The only product found was the benzhydryl cation 2a in high yields when 50 eV 

electrons were co-deposited. When irradiated with higher energy electrons, though 1a 

was depleted, no significant yields of 2a were observed due to subsequent chemistry 

caused by excess energy in the electrons. These results clearly demonstrate that water-

ice traps electrons more efficiently than 1a. However, the results discussed in the next 

section show that 2a has stronger electron-affinity when electronically excited than the 

water-ice surroundings. 
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3.3. Conclusion 

Organic radicals behave similarly to neutral PAHs in that their photoionization 

is very efficient in amorphous water-ice matrix. Lowering of the ionization energy from 

6.5 eV to around 3.8 eV (LED shorter wavelength limit) is also in agreement with earlier 

studies. Photoinduced single electron transfer has been observed to be very efficient, 

near quantitative, when excited into the UV-vis bands corresponding to cation (450 nm) 

and radical (308 nm) of the benzhydryl showing that the electron is readily accessible 

in the amorphous water-ice matrix either as a trapped electron (hydrated electron) or as 

OH–. This is the first observation of its kind. Note that not all of the benzhydryl cations 

are converted back to the radical when irradiated at 450 nm, indicating that only some 

matrix-sites are accessible for such photoinduced back-electron-transfer (BET). 

Electron capture by the benzhydryl radical was not observed indicating that the electron 

affinity of the radical may be lower than water-ice matrix itself. However, electron 

irradiation at higher energies (100 eV–2000 eV) results in depletion of the benzhydryl 

radical and formation of the benzhydryl cation, with less efficiency as the energy 

increases due to further side reactions occurring caused by excess electron energy.  

Ionization-mediated chemical reaction pathways are general phenomena in 

water-ice environment. Ionized organics (charged species) are stabilized in ice while 

electrons are also efficiently trapped. In light of this and other studies reported earlier, 

it is safe to conclude that organic chemistry in ice environment is strongly mediated by 

ionization–whether it is in Earth’s cryosphere or in our solar system or in the interstellar 

space. 

 

Parts of chapters 1, 2 and 3 were "Reprinted (adapted) with permission from J. Phys. 

Chem. A. 2017, 121 (34), pp 6405–6412.Copyright 2017 American Chemical Society." 
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4. Pyrene in CO2 Ice 

4.1. Introduction 

Studies on the detection and the interaction of PAHs with small abundant 

molecules like CO, H2O etc. in interstellar medium have been completed.26-27 The 

presence of PAHs especially pyrene C16H10 in the comets, the last forming body in the 

solar system further shows the importance of PAHs in space.28-31, 110 PAHs necessarily 

freeze out onto the dusty ice grains during the molecular cloud formation. Apart from 

PAHs, these dust grains also contain molecules such as H2O, CO, CO2, NH3, CH3OH 

to name a few.32-33 Subjected to intense UV radiation from the field formed by the 

interaction of the cosmic rays with hydrogen atoms present in the gaseous medium, 

PAHs readily ionize to form complex species of scientific interest.34-35 Gudipati et al. 

were the first to report the VUV induced photochemistry and the ionization process of 

the PAHs in water-ice mimicking the action of VUV on ice grain mantles containing 

PAHs.37, 111 Following this lead, several laboratory studies on the ionization of PAHs in 

different ice analogues were performed to gain insight into the different photochemical 

processes taking place in the ices of the interstellar medium (ISM).38-41 

The formation of CO2 ice112 and the photochemistry of such ices leads to a better 

understanding of the complex photoprocesses of these ices in space. UV 

photoprocessing of different possible interstellar ices has been studied in detail with 

most showing desorption of the ices on continued UV irradiation.11, 113-118 Studies of the 

VUV irradiation of PAH pyrene embedded in H2O showed the formation of 1-

hydroxypyrene and 2-hydro-pyrene-1-one,40-41, 119 while pyrene in H2O/CO matrix 

showed the formation of HCO radical along with other photoproducts.40 HCO radical 

was formed as a direct consequence of long term VUV irradiation of pyrene containing 

H2O/CO ice with no reaction between CO and pyrene.  

In this present work, the dynamics of H2O/CO2 ice mixtures on VUV irradiation 

was investigated. Studies were also focused on the changes to the ice when pyrene was 

added to it. The following questions were also addressed here. Does pyrene 9 in these 

ice mixtures contribute during the photo-processing of these ices or not? Is the 

formation of carboxylic PAHs a new sign towards life in space? Whether these 

photochemical reactions are observed in the outer space? 
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Figure 4.1. The structure of pyrene 9 with its four active sites (numbered). 

4.2. Results and Discussions 

4.2.1. Matrix isolation and spectroscopic characterization of pyrene 

Pyrene 9 sublimes at 35 °C (P vacuum chamber = 1.7 x 10-8 mbar) and was co-

deposited with varying mixtures of CO2 and H2O on to the cold sapphire window at  

10 K. The pyrene ice was characterized using UV-vis and IR spectroscopy. Small shifts 

in the UV-vis absorption spectra of 9 are observed on varying the composition of CO2 

and H2O in the pyrene ice. Thus, 9 shows strong absorption peaks at 334, 319.2, 272.8 

and 239 nm in H2O dominant H2O/CO2 ices (Conc. H2O > 50%) as shown in Figure 

4.2. Less intense bands appeared as shoulders to these intense bands at 262.5 and 306 

nm. The bands at 334 and 319.2 nm are assigned to the 1B2u←1Ag electronic transition 

of the neutral pyrene (S2←S0) as reported in the literature.41 
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Figure 4.2. UV-vis spectrum of pyrene 9 in 30% CO2-70% H2O ice mixture at 10 K. 

However, in pure CO2 ice (100% CO2) matrix, the absorption peaks of 9 are 

slightly blue shifted. They are present at 333, 319, 271 and 239 nm. 

Sapphire windows have a transmission range from 150 nm to 5µm (66666 cm-1 

to 2000 cm-1). Since sapphire windows were used as a deposition window, the IR bands 

of 9 in the fingerprint region were not possible to record. The IR technique was indeed 

helpful to record a spectrum of pure CO2 ice matrix as well as H2O/CO2 ice matrix 

approximately in the 6000-1800 cm-1. 

The UV-vis and IR spectra were measured simultaneously on the same ice. 

Compared to the vibrational oscillator strengths (absorption coefficient), electronic 

excitation oscillator strengths are orders of magnitude larger, making UV-vis 

spectroscopy of molecules such as PAHs far more sensitive than IR spectroscopy, 

allowing easy detection of samples with very low concentration in the UV. As the 

concentration of 9 used in the experiment was very low compared to H2O/CO2 used for 

the matrix, IR bands of 9 were not observed in the range between 5000-1500 cm-1. 

Figure 4.3 shows the IR spectrum measured simultaneously after measuring the 

UV-vis spectrum of 9 in 1:1 H2O/CO2 ice mixture at 10 K. Due to the very low 

concentration of 9 compared to H2O/CO2, IR bands of 9 were not observed in the range 

between 5000-1500 cm-1. 

 

9 
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The spectrum is well dominated by H2O and CO2. In Figure 4.3, a broad band 

at 3311 cm-1 characteristic of O-H stretch of H2O in amorphous water-ice was observed. 

A sharp band at 2341 cm-1 characteristic of C=O asymmetric stretching vibration of 
12CO2 was also observed. The 2341 cm-1 is redshifted by 7 cm-1 from the value of 12CO2 

in gas phase (2348 cm-1). Another band at 2278.6 cm-1 which corresponds to C=O 

asymmetric stretching vibration of 13CO2 was also observed and is shifted to lower 

wavenumbers due to the isotopic mass 13C. 

Figure 4.3. IR spectrum showing the composition of 1:1 H2O/CO2 ice matrix at  

10 K. 

Figure 4.4 shows an IR spectrum of pure CO2 ice matrix at 10 K. The spectrum 

is dominated by an intense band at 2344 cm-1 characteristic of C=O asymmetric 

stretching vibration of 12CO2 and at 2282 cm-1 characteristic of C=O asymmetric 

stretching vibration of 13CO2. Here both the IR vibrations of 12CO2 and 13CO2 are 

slightly blue-shifted from the values obtained in H2O dominant H2O/CO2 ices (Conc. 

H2O > 50%). 
12CO2 peaks in all ices are highly saturated absorbance peaks and a 

quantification of its peaks would not be realistic. So, a comparison of the peak positions 

of the 13CO2 in all ices was done. In H2O dominant H2O/CO2 ices, the C=O stretching 

vibration of 13CO2 appeared at 2278.6 cm-1 while in pure CO2 ice, it was observed at 
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2282 cm-1. Moreover, 13CO2 are much narrower than the 12CO2 counterpart due to the 

decoupling of its vibration from other 12CO2 molecules.120 Thus, as the concentration of 
12CO2 in the ices increase, the concentration of 13CO2 also increases. Hence, in 

H2O/CO2 ices where the concentration of H2O is greater than 80%, 13CO2 is not found 

as the concentration of 12CO2 is low. The values of 13CO2 in pure CO2 ice is blue-shifted 

by 3.4 cm-1 from the values of 13CO2 in H2O dominant H2O/CO2 ices. This could be 

explained by the size of the matrix sites where the 13CO2 is trapped. Thus, in pure CO2 

ices, the matrix sites are smaller. So, for the vibration of the 13CO2 molecules more 

energy would be required and hence this vibration is at higher wavenumber. 

Figure 4.4. IR spectrum showing the composition of pure CO2 ice at 10 K. 

4.2.2. Photochemistry of pyrene in H2O/CO2 ice 

After the deposition of 9 in H2O/CO2 at 40 K, the cold sapphire window was 

subsequently cooled down to 10 K and irradiated with VUV light of 121.6 nm at 

different intervals of time to investigate the photochemistry of such ices. A microwave 

hydrogen gas discharge lamp was used as a suitable UV irradiation source as it 

primarily emits Lyα (121.6 nm) irradiation together with an emission near 160 nm due 

to the molecular hydrogen. 

The photochemistry of 9 in H2O dominant H2O/CO2 ice (Conc. H2O ≥ 50%) 

showed the formation of some new photoproducts which were identified using IR and 
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UV-vis spectroscopy. Figure 4.5 shows the UV-vis spectrum of the formation of a new 

strong band at 445.6 nm at the cost of the bands due to 9. The new band at 445.6 nm 

corresponds to the pyrene radical cation 9a and is assigned to the 2Au←2B3g electronic 

transition of 9a.41 Few weaker absorption bands of 9a were also observed at 363.2 and 

490.1 nm. These were assigned to the 2B1u←2B3g vibronic transition of 9a.40 

 
Figure 4.5. Difference UV-vis absorption spectra showing the formation of the pyrene 

cation 9a at 445.6 nm on irradiating pyrene 9 in H2O dominant H2O/CO2 ice matrix (80% 

H2O and 20% CO2) with Lyα irradiation from the microwave discharge lamp at various 

intervals of time. Peaks of 9a increase in intensity while the peaks of 9 decrease in intensity. 

The difference spectra are obtained by dividing the deposition spectrum with the spectrum 

for each irradiation time. 

Hence, the formation of 9a was observed due to ionization of 9 in the H2O 

dominant H2O/CO2 ice matrix via a single photon ionization40 as shown in Equation 

4.1. 

𝑃𝑦
𝑉𝑈𝑉
→  𝑃𝑦+ + 𝑒−                                                   (4.1) 



 

Chapter 4  Pyrene in CO2 ice 

 

64 

 

However, the formation of the cation 9a was observed only during the first 15 

minutes of irradiation. Prolonged irradiation i.e., from 32 minutes onwards, led to the 

decrease in the intensity of the bands corresponding to both 9 and 9a to form a broad 

absorption band in the range of 217-308 nm. To better understand the nature of the 

photoproducts formed in the ice, another UV-vis spectrum was plotted by dividing the 

reference spectrum at 10 K with the spectrum of each irradiation time. By doing this, 

without any subtraction from the deposition spectrum we can see the nature of the ice 

and photoproducts at different irradiation times. Here the peaks due to 9 are obscured 

under this absorption band (Figure 4.6). 

 
Figure 4.6. UV-vis absorption spectra showing the formation of pyrene cation 9a at  

445.6 nm on irradiating pyrene 9 in H2O dominant H2O/CO2 ice matrix (80% H2O and 20% 

CO2) with Lyα irradiation from the microwave discharge lamp at various intervals of time. 

The cation peaks increase in intensity while the neutral pyrene peaks decrease in intensity. 

During prolonged VUV irradiation, a broad band around 217-308 nm is observed which 

obscures the neutral pyrene band. 

A similar UV-vis absorption spectrum of 9 was obtained for all H2O dominant 

ices of concentrations up to 50% H2O-50% CO2. 

The same pyrene ice matrix was used for the measurement of IR spectra. 

Formation of new peaks was not observed in IR spectra during UV irradiation of 9 in 

H2O dominant ices with a concentration of H2O greater than 50% in H2O/CO2 mixture. 
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While in 1:1 mixture of CO2 and H2O ice matrix, prolonged Lyα irradiation for 32 

minutes and 64 minutes produced significant changes in the IR spectra. This significant 

change during prolonged irradiation points to the formation of a broad absorption band 

in the range of 217-308 nm in the UV-vis absorption spectra (Figure 4.6) and to a tiny 

peak at 2140 cm-1 in the IR spectra (Figure 4.7). 

Figure 4.7. IR spectra showing the formation of a new but less intense peak at 2140 cm-1 

(inset) upon prolonged UV irradiation of 50% CO2/50% H2O ice mixture at 10 K. The 

asterisk (*) denotes the band of CO at 2140 cm-1. 

Prolonged Lyα irradiation of 1:1 H2O/CO2 ices produces carbon monoxide (CO) 

together with oxygen atom as resulting photoproducts (Equation 4.2). So, the tiny band 

at 2140 cm-1 is due to the formation of CO. Presumably, oxygen atom is formed but is 

not visible in the IR spectrum. 

𝐶𝑂2
𝑉𝑈𝑉
→  𝐶𝑂 + 𝑂                                                   (4.2) 

However, the intensity of CO produced is directly proportional to the amount of 

CO2 present in the ice matrix. Here a 1:1 mixture of H2O and CO2 causes the formation 

of a weak band of CO. Increasing the concentration of CO2 will lead to a pronounced 

increase in the intensity of CO bands in the IR spectrum as mentioned in Section 4.2.3. 
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However, the IR spectrum obtained on prolonged VUV irradiation in H2O 

dominant H2O/CO2 ice matrices, shows the formation of a new peak at 2840 cm-1 

together with the formation of CO at 2139 cm-1 in trace amounts (Figure 4.8). This new 

peak at 2840 cm-1 was not observed on irradiating pure CO2 ice matrix at 10 K. This 

new feature observed exclusively in H2O dominant H2O/CO2 ice matrices corresponds 

to H2O2.121 The reaction mechanism explaining the formation of these photoproducts is 

explained in the Section 4.2.4. 

Figure 4.8. Difference IR spectra showing the exclusive formation of H2O2 (2840 cm-1) 

and CO (2139 cm-1) at different intervals of time on VUV irradiation of H2O dominant 

H2O/CO2 ice matrices at 10 K.  

4.2.3. Photochemistry of pyrene in pure CO2 ice 

The photochemistry of 9 was also studied in CO2 dominant ices and pure CO2 

ice matrices. 9 in pure CO2 ice was irradiated with Lyα 121.6 nm in different intervals 

of time and the photoproducts generated were analyzed using IR and UV-vis 

spectroscopy. The UV-vis spectrum shows the depletion of 9 with the simultaneous 

formation of a new band at 445.8 nm. The new band at 445.8 nm corresponds to the 

pyrene radical cation 9a and is assigned to the 2Au←2B3g electronic transition of 9a as 

reported in the literature.40-41 The band is slightly red shifted by 0.2 nm. The weak 
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absorption band of 9a is due to the small extent of ionization of 9 in CO2 ice matrix on 

VUV irradiation (Figure 4.9). Weaker absorption bands corresponding to the 2B1u←2B3g 

vibronic transition of 9a at 363.2 and 490.1 nm were not observed. Although the amount 

of 9 depleted in CO2 ice matrix on prolonged irradiation was ~ 60% not all the pyrene 

9 depleted resulted in the pyrene cation 9a. There was only a conversion of 30% 9 to 

9a. The generation of the pyrene cation 9a is about half (~ 30%) as compared to the 

yields obtained in 9 containing H2O dominant H2O/CO2 ices (~ 70%). This shows the 

electron scavenging property of water due to which the cation 9a was generated in very 

high yields as the H2O drives the reaction in the forward direction. However, 9a is only 

formed during the first total 8 minutes of irradiation. Prolonged irradiation from  

32 minutes onwards, leads to a decrease in the intensity of the peaks corresponding to 

9 as well as 9a while the formation of a broad band with a huge absorption at 256 nm. 

This intense broad band starts forming on irradiating the matrix from 16 minutes 

onwards. Here the neutral pyrene 9 peaks are obscured under this huge absorption band 

(Figure 4.9). 

 
Figure 4.9. Difference UV-vis absorption spectra showing the formation of pyrene cation 

9a at 445.8 nm on irradiating pyrene 9 in pure CO2 ice matrix at 10 K. 
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In order to understand the nature of the photoproducts formed in the CO2 ice, 

another UV-vis spectrum was plotted by taking the reference spectrum at 10 K as Io and 

the spectrum obtained after each irradiation time as I instead of taking the deposition 

spectrum of 9 at 10 K as Io. We can see the nature of the ice and photoproducts at 

different irradiation times by using this method. Here the neutral pyrene peaks are 

obscured under this absorption band (Figure 4.10). 

 
Figure 4.10. UV-vis absorption spectra showing the formation of pyrene cation 9a at  

445.8 nm on irradiating pyrene 9 in pure CO2 ice matrix for the first 8 minutes at 10 K. On 

prolonged irradiation, the intensity of pyrene cation 9a decreases together with the 

formation of a broad intense band at 256 nm. This obscures the neutral pyrene 9 band. The 

spectra are obtained by taking the reference spectrum as Io. 

The photoproducts of 9 formed in pure CO2 ice matrix at 10 K were also 

investigated by IR spectroscopy simultaneously. As the concentration of 9 used in the 

experiment was very low compared to H2O/CO2 used for the matrix, IR bands of 9 or 

its photoproducts were not observed in the range between 5000-1500 cm-1. Formation 

of few new peaks at 2139.2, 2045 and 1879 cm-1 was observed during irradiation of the 

ice matrix at different intervals of time (Figure 4.11). 

However, the sequence of formation of the new photoproducts on irradiating the 

same ice with Lyα light is scrutinized. Irradiating the ice for the first few minutes shows 

a rapid increase of 2045 cm-1 peak together with a slow simultaneous increase of the 

2139.2 cm-1 peak. According to the literature,121-123 the band at 2045 cm-1 corresponds 

to CO3 whereas the band at 2139.2 cm-1 corresponds to CO. Both the peaks increase 
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simultaneously during the first 30 minutes of irradiation (1 min + 1 min + 1 min + 4 

min + 8 min + 16 min). CO3 also reaches its maximum intensity during this time. Upon 

irradiating the ice for the next 32 minutes and longer, the CO peak at 2139.2 cm-1 

increases in intensity but the CO3 peak at 2045 cm-1 decreases in intensity (Figure 4.12). 

Figure 4.11. Difference IR spectrum in the range of 2400 cm-1 to 1800 cm-1 showing the 

changes on irradiation of pure CO2 ice at 10 K. Pyrene was not observed due to its extreme 

low concentration. New peaks of CO and CO3 are formed while the peaks corresponding 

to CO2 decrease in intensity as it is subjected to UV irradiation.  

In the UV-vis spectrum of the same ice measured simultaneously, the 

appearance of the new broad intense band at 256 nm was also observed upon irradiating 

the matrix for 32 minutes and longer. 

Moreover, a fourth peak (not visible in our IR spectrum) must simultaneously 

arise at 1042 cm-1 during the irradiation of the pyrene containing CO2 ice122 along with 

CO and CO3 peaks. The peak at 1042 cm-1 should have a similar behavior to that of the 

CO peak. The 1042 cm-1 corresponds to the formation of O3 in the ice. A faint trace of 

CO3 (fermi resonance CO) at 1879 cm-1 is also observed in the ice. 
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Figure 4.12. IR spectra showing the rapid formation of CO (2139.2 cm-1) and CO3  

(2045 cm-1) at different intervals of time on irradiating pyrene 9 in pure CO2 ice matrix  

at 10 K. Pyrene 9 was not observed due to its extreme low concentration in comparison to 

H2O/CO2. 

After the photoirradiation at 10 K, the ice containing all the photoproducts was 

annealed from 40 K to 100 K and analyzed by UV-vis and IR spectroscopy. During 

annealing, a broad band with an absorption maximum at 259 nm was observed in the 

UV-vis spectra. On annealing the ice above 60 K, the intensity of all the bands decreased 

due to the evaporation of CO2 ice (Figure 4.13). 
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Figure 4.13. Difference UV-vis spectra showing the changes in the pyrene 9 containing 

pure CO2 ice on annealing the ice up to 100 K. 

However, the IR spectrum showed changes in intensity of CO and CO3 bands. 

The CO band starts disappearing when annealed at temperatures greater than 50 K while 

the CO3 band remains intact till 60 K. On annealing to 80 K, both the bands 

corresponding to CO and CO3 decrease in intensity as shown in Figure 4.14. The 

formation of new bands was not observed in the IR spectra. 
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Figure 4.14. IR spectrum in the range of 2400 cm-1 to 1800 cm-1 showing the changes on 

annealing the photoproducts obtained after irradiating the pure CO2 ice at 10 K. 

Thus, the reminiscence of 259 nm band is also observed on annealing the ices 

as mentioned in the above paragraph. The four active sites (1, 3, 6 and 8) of 9 as shown 

in Figure 4.1 allow for the easy aromatic electrophilic substitution reaction. Surrounded 

by a pool of different types of reactive species (O, H, OH. COOH, HCO etc.), 

substitution reactions of one or more species at various active sites can be expected. 

Previous studies of the UV photolysis reactions of different PAHs in ice medium 

produced pyrene-photoproducts with substituted edges.124 

4.2.4. Reaction scheme to support the photochemistry 

The formation of all photoproducts formed in H2O/CO2 ice matrix at 10 K as 

seen in Figure 4.11 is explained with the help of reaction schemes described below. 

Lyα irradiation of pure CO2 ice leads to the dissociation of CO2 to CO and O as 

shown previously in Equation 4.2. Hence, CO is the primary photoproduct formed on 

photodissociation of CO2 and is detected in the IR spectrum at 2344 cm-1. With the 

abundance of CO and oxygen atoms (O) in the irradiated ice and presence of UV light, 

oxygen atoms can further react with the nearby undissociated CO2 and other oxygen 

atoms present in the ice as shown in Equation 4.3 and 4.4. 
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𝐶𝑂2 + 𝑂 → 𝐶𝑂3                                                       (4.3) 

𝑂 + 𝑂 → 𝑂2                                                          (4.4) 

Thus, CO3 was formed as the secondary photoproduct of the Lyα dissociation 

of CO2 in CO2 dominant H2O/CO2 ices. O2 is presumably formed but is not visible in 

the IR spectrum. The primary and the secondary photoproducts are observed within the 

first few minutes of irradiation (Figure 4.12). 

Further irradiation causes the simultaneous increase in the photoproducts 

mentioned in Equation 4.3 and 4.4. Upon irradiating the ice for more than 32 minutes 

causes a slight decrease in CO3 concentration which can be accounted for the UV 

photodissociation of CO3 (Equation 4.5). 

𝐶𝑂3
𝑉𝑈𝑉
→  𝐶𝑂2 + 𝑂                                                   (4.5) 

The abundance of oxygen atoms causes their association to other oxygen atoms 

to form O2 (Equation 4.4) which further react to form O3 (Equation 4.6). 

𝑂2 + 𝑂 → 𝑂3                                                        (4.6) 

O3 was not detected in the IR spectrum due to the use of sapphire window but 

the huge absorption band formed at 256 nm on irradiating the ice for more than 32 

minutes could be tentatively assigned to the formation of O3 in the matrix as O3 shows 

an absorption maximum at 257 nm.125-128  

The peak of CO (formed by VUV irradiation of CO2) increases continuously not 

only due to the abundance of CO2 (pure CO2 ice) but also due to the regeneration of 

CO2 by processes shown in Equation 4.5 and 4.7. 

𝑂 + 𝐶𝑂+𝐶𝑂2 → 2𝐶𝑂2                                                (4.7) 

Formation of H2O2 in H2O dominant H2O/CO2 ices at 2840 cm-1 and the absence 

of it in pure CO2 ice can be explained by the dissociation of H2O to hydroxyl OH 

radicals and hydrogen (H) atoms. These OH radicals combine to form H2O2. 

𝐻2𝑂
𝑉𝑈𝑉
→  𝐻, + 𝑂𝐻                                                        (4.8) 

𝑂𝐻 + 𝑂𝐻
𝑉𝑈𝑉
→   𝐻2𝑂2                                                      (4.9) 
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4.2.5. Photochemistry of pure CO2 ice 

The interesting photochemistry observed in 9 containing pure CO2 ice paved the 

way for Lyα irradiation of the pure CO2 ice matrix in the absence of 9. This was mainly 

performed to investigate the nature of 256 nm UV absorption band observed while 

irradiating CO2 ice matrix. 

Pure CO2 ice matrix was deposited (Figure 4.15) and irradiated with same UV 

light in different intervals of time and the changes were recorded by UV-vis and IR 

spectroscopy. The oscillations seen in the spectrum are the interferences observed due 

to the thickness of the ice deposited. 

 
Figure 4.15. UV-vis spectrum of pure CO2 ice matrix at 10 K showing the interference 

pattern denoting the thickness of the ice formed. 

When light beam falls on the ice deposited on the substrate, a part of the light is 

reflected and the other part is transmitted. For a thin optical film like ice, interference 

is observed and constructive and destructive superposition of the beam forms a 

characteristic interference pattern during the deposition of the ice.  

The formation of an intense absorption band at 249 nm and 266 nm were 

observed on irradiating the CO2 ice for more than 32 minutes similar to the CO2 ice 

containing 9 (Figure 4.16). The formation of CO and CO3 on VUV irradiation was also 
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observed in IR spectra (Figure 4.17). So, the results obtained were quite similar to the 

ones obtained on irradiating 9 containing CO2 ice. 

Annealing the pure CO2 ice matrix also produced similar results as were 

observed on annealing 9 containing pure CO2 ice. 

 
Figure 4.16. Difference UV-vis absorption spectra showing the formation of an intense 

absorption band at 249 nm and 266 nm on irradiating a pure CO2 ice matrix at 10 K for 

more than 32 minutes. 



 

Chapter 4  Pyrene in CO2 ice 

 

76 

 

Figure 4.17. IR spectra showing the rapid formation of CO (2139.2 cm-1) and CO3  

(2045.7 cm-1) at different intervals of time on irradiating pure CO2 ice matrix at 10 K. 

4.3. Conclusion 

This work showcases the first ever matrix isolation and photochemistry of 

pyrene in H2O/CO2 ice mixtures at 10 K. The ice was subjected to astronomical 

conditions like the Lyα irradiation which led to the formation of a common 

photoproduct: pyrene radical cation. The nature of photochemical changes with the 

composition of H2O and CO2 present in the ice was studied. In H2O dominant H2O/CO2 

ices, prolonged irradiation produces a broad absorption band at 256 nm. It is not 

prominent in intensity and no counterpart was visible in the IR spectrum. However, in 

CO2 dominant ices H2O/CO2 ices, prolonged irradiation leads to the formation of 

several photoproducts like CO, CO3, O, O3 etc. The changes to the ice are tracked in 

the UV-vis and IR spectrum simultaneously. Surprisingly, similar results were observed 

when pure CO2 ice without pyrene was irradiated. 

The possibility of the formation and identification of different photoproducts on 

the reaction of pyrene with VUV photolysis of H2O/CO2 cannot be overlooked. 

Although no clear evidence of the formation of photoproducts due to the 

reaction between pyrene and photolysed H2O/CO2 is observed in the UV-vis and IR 
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spectra, if formed its peaks can be submerged/overlapped under the broad absorption 

band of O3. 
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5. Tropyl Radical 

5.1. Introduction 

The tropyl radical is a highly symmetric seven membered radical with a 

delocalized unpaired π electron. It has a D7h point group symmetry. Due to the high 

symmetry in the radical, this odd electron occupies a pair of degenerate orbitals (E2” 

symmetry) which causes the tropyl radical to distort through an in-plane ring 

deformation giving rise to C2v symmetry. A rigorous study of the vibrational and 

electronic structure of the tropyl radical was carried out by Miller and co-workers129-130 

wherein they accounted for the Jahn–Teller distortion while studying this radical. The 

Jahn-Teller effect splits the ground state into two degenerate levels, a dienylic 

component 2A2 and an allylic 2B1 component (Figure 5.1). However, they are stabilized 

at the conical intersection of the potential energy surface, which is 1000 cm-1 relative 

to the undistorted structure.130 

 

Figure 5.1. Effect of Jahn-Teller effect on the symmetry of the tropyl radical. 

Experimental data on the complete vibrational frequencies of the tropyl radical 

has not been reported in the literature yet. Kaufmann et al.131 reported the vibrational 

frequencies in the CH-stretch region using the helium droplet isolation technique. 

Similarly, Thrush et al.132 showed an electronic spectrum of the tropyl radical where 

three bands were identified and assigned to the Rydberg series giving an ionization 

potential of 6.23 eV. However, Satink et al.133 were the first to report the gas phase IR 

absorption spectrum of the tropyl radical but the assignments of the peaks were 

incomplete as the theoretical spectrum did not match the experimental spectrum. In this 

work, the first ever matrix isolated spectrum of the tropyl radical 7a at cryogenic 

temperatures in the 4000-400 cm-1 spectral range was studied. The tropyl radical 7a in 

argon matrix was also investigated using EPR spectroscopy which showed the presence 

of seven equivalent protons and equal spin distribution at high temperatures in 

accordance with the literature.134 
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Figure 5.2. The structure of bitropyl 7. 

5.2. Results and discussions 

5.2.1. Matrix isolation and spectroscopic characterization of bitropyl 

Bitropyl 7 sublimes at room temperature under high vacuum (~10-6 mbar) and 

was co-deposited with a huge excess of argon on to the cold spectroscopic window 

maintained at 25 K. The window was subsequently cooled down to 3 K for 

spectroscopic studies (IR and UV-vis). The IR spectrum of 7 shows strong bands at 

700.2, 746.9, 921.3, 1236.7 and 3026.0 cm-1 and is in good agreement with the 

calculated spectrum obtained at the B3LYP-D3/6-311++g (d,p) level of theory (Figure 

5.3 and 5.4). The UV-vis spectrum of 7 in solid argon shows a sharp band with 

maximum absorption at 207 nm and a progression at 250 nm (Figure 5.5). 

Figure 5.3. IR spectra of bitropyl 7 in argon matrix at 3 K in the region (1600-400) cm-1. 

a) IR spectrum of 7 in argon matrix deposited at 25 K and recorded at 3 K. b) IR spectrum 

of 7 calculated at the B3LYP-D3/6-311++G(d,p) level of theory. 
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Figure 5.4. IR spectra of bitropyl 7 in argon matrix at 3 K in the region (3300-2800) cm-1. 

a) IR spectrum 7 in argon matrix deposited at 25 K and recorded at 3 K. b) IR spectrum of 

7 calculated at the B3LYP-D3/6-311++G(d,p) level of theory. 

Figure 5.5. UV-vis spectrum of bitropyl 7 in argon matrix at 10 K. 
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Table 5.1. Experimental and calculated vibrational frequencies of bitropyl 7. 

Mode Sym 
Calculateda 

𝜈/cm-1 (Iabs)c 

Argonb 10 K 

𝜈/cm-1 (Irel)d 
Assignment 

13 A´ 450.0 (11.0) 457.0 (3.4) C-H bend 

18 A´ 659.0 (23.0) 596.2 (3.1) C-H bend + Ring stretch 

20 A´ 725.0 (150.0) 700.2 (100.0) C-H bend 

21 

22 

A´´ 

A´´ 

756.0 (12.0) 

768.0 (24.0) 
746.9 (51.2) C-H bend 

28 A´ 917.6 (10.0) 921.3 (2.3) C-H bend 

34 A´ 985.1 (2.0) 954.1 (1.7) C-H bend 

40 A´´ 1088.1 (3.0) 1073.4 (2.7) C=C stretch Ring 

43 A´ 1215.2 (5.0) 1236.7 (2.6) C-H bend Ring(in plane) 

52 A´´ 1384.5 (1.0) 1402.5 (8.7) C-H bend Ring (in plane) 

56 A´ 1433.2(6.0) 1445.5 (1.8) C-H bend Ring (in plane) 

66 

67 

A´ 

A´ 

3017.0 (7.0) 

3031.8 (20.0) 
2839.0 (5.4) C-H bend (bitropyl center) 

69 A´ 3125.2 (3.0) 3001.3 (1.3) C-H stretch Ring 

75 

76 

77 

78 

A´ 

A´´ 

A´ 

A´ 

3151.1 (49.0) 

3152.9 (52.0) 

3155.9 (19.0) 

3160.4 (10.0) 

3026.0 (77.6) C-H stretch Ring 

a Calculated at the B3LYP-D3/6-311++G (d,p) level of theory. b In argon matrix at 3 K. c 

Absolute intensities in km/mol. d Relative intensities based on the strongest observed 

absorption band. 

5.2.2. Photochemistry of bitropyl 

 
Scheme 5.1. Generation of the 1-(1,3,5-cycloheptatrienyl)-1,3,5-cycloheptatriene 8 by  

254 nm irradiation of 7 in argon matrix at 3 K. 

After the deposition of 7 in argon matrix at 3 K, the matrix was irradiated with 

lights of different wavelengths (LED lights in the range 650-365 nm, 254 nm UV light 

and 308 nm XeCl excimer Laser) and the photoproducts generated were analyzed using 

IR and UV-vis spectroscopy. Noticeable changes were observed when the matrix at  

3 K was irradiated with UV light of 254 nm for a few minutes. During photolysis, all 

the bands corresponding to 7 decreased in intensity while new strong bands appeared 

at 714 and 773.5 cm-1 (Figure 5.6). Similarly, the UV-vis spectrum also shows the 

depletion of the bands corresponding to 7 and the formation of new broad absorption 

bands at 330 and 222 nm (Figure 5.7). Comparing the IR and UV-vis spectra with the 

calculated spectra obtained at the B3LYP-D3/6-311++G(d,p) level of theory and the 
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literature,135 the new peaks in the IR and the UV-vis spectra can be unambiguously 

assigned to 1-(1,3,5-cycloheptatrienyl)-1,3,5-cycloheptatriene 8 (Scheme 5.1). An 

interesting observation is that the IR peaks of 8 are of lower intensity compared to 7. 

Figure 5.6. IR spectrum of the 1-(1,3,5-cycloheptatrienyl)-1,3,5-cycloheptatriene 8 in 

argon matrix at 3 K. a) IR spectrum of bitropyl 7 in solid argon at 3 K. b) Difference IR 

spectra showing the formation of 8 on 254 nm UV irradiation of 7 in argon matrix at 3 K. 

Peaks pointing upwards show the formation of 8 while peaks pointing downwards show 

the depletion of 7. c) IR spectrum of 8 calculated at the B3LYP-D3/6-311++G(d,p) level 

of theory. 
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Figure 5.7. UV-vis spectra showing the formation of 1-(1,3,5-cycloheptatrienyl)-1,3,5-

cycloheptatriene 8 in argon matrix at 3 K. Black solid line - UV-vis spectrum of 8 formed 

by the action of 254 nm UV irradiation on 7 (black dotted line) in argon matrix at 3 K. Red 

line. Spectral transitions of 8 calculated by TD-DFT at the M062X/6-311++G(d,p) level of 

theory. 

The study of the formation and detection of 8 in solution phase has been 

documented in the literature.135 The IR values of 8 in CCl4 were reported at 3050, 1440, 

1370, 1290 and 705 cm-1. These IR values are documented together with the values of 

the matrix isolated 8 in the Table 5.2. The UV-vis spectrum of 8 was also reported in 

EtOH with a maximum absorption at 340 and 262 nm. 

Table 5.2. Experimental and calculated vibrational frequencies of the 1-(1,3,5-

cycloheptatrienyl)-1,3,5-cycloheptatriene 8. 

Mode Sym 
Calculateda 

𝜈/cm-1 (Iabs)c 

Argonb 3 K 

𝜈/cm-1 (Irel)d 

Literaturee in 

CCl4 

𝜈/cm-1 

Assignment 

14 B 515.0 (3.0) 521.8 (2.1) - Ring stretch 

17 B 616.0 (22.0) 589.0 (3.0) - C-H bend 

19 B 692.0 (9.0) 676.0 (4.7) - C-H bend + Ring stretch 

20 A 721.0 (89.0) 714.3 (100.0) 705.0 C-H bend 

22 A 783.0 (18.0) 762.6 (20.6) - C-H bend 

23 B 797.0 (48.0) 773.5 (47.5) - C-H bend 
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25 B 874.0 (16.0) 848.2 (4.1) - C-H bend + Ring stretch 

27 B 907.0 (1.0) 890.2 (2.5) - C-H bend + Ring stretch 

29 A 930.0 (1.0) 912.7 (1.8) - C-H bend + Ring stretch 

31 B 963.0 (1.0) 940.8 (2.2) - C=C Ring stretch 

35 B 995.0 (2.0) 994.7 (1.8) - C-H bend 

41 B 1110.0 (13.0) 1064.6 (8.9) - C-H bend (in plane) 

43 B 1219.0 (2.0) 1183.9 (1.5) - C-H bend (in plane) 

47 B 1264.0 (8.0) 1232.5 (0.5) 
- C-H bend (in plane) +  

CH2 (scissoring) 

49 B 1317.0 (9.0) 1297.0 (5.4) 1290.0 CH2 (rocking) 

52 B 1362.0 (13.0) 1332.6 (4.5) - C-H bend (in plane) 

54 B 1408.0 (9.0) 1375.3 (13.4) 1370.0 C-H bend (in plane) 

58 B 1491.0 (10.0) 1438.8 (8.1) 1440.0 CH2 bend (scissoring) 

60 B 1546.0 (11.0) 1526.0 (10.0) - C=C Ring stretch 

62 B 1635.0 (2.0) 1601.4 (6.0) - C=C Ring stretch 

64 B 1657.0 (3.0) 1624.2 (1.6) - C=C Ring stretch 

66 A 3002.0 (35.0) 2894.7 (29.6) - Symm. CH2 stretch 

73 

74 

75 

76 

77 

B 

A 

B 

A 

B 

3146.0 (58.0) 

3148.0 (5.0) 

3155.0 (32.0) 

3157.0 (27.0) 

3162.0 (37.0) 

3038.2 (64.3) 3050.0 C-H stretch 

a Calculated at the B3LYP-D3/6-311++G (d,p) level of theory. b In argon matrix at 3 K. c 

Absolute intensities in km/mol. d Relative intensities based on the strongest observed 

absorption band. e In CCl4 from reference135 

5.2.3. Matrix isolation and spectroscopic characterization of the tropyl radical. 

Satink et al. had reported the IR spectrum of the tropyl radical 7a and the benzyl 

radical 1d but in gas phase.133 Sander et al. had also performed matrix isolation studies 

of the benzyl radical 1d.136 Table 5.3 shows a comparative study between the gas phase 

and the matrix isolated IR spectra of the benzyl radical 1d. The two spectra are not 

completely similar. There are changes in the intensities, position and the number of 

peaks between the two spectra. Many peaks observed in the experimental gas phase 

spectra by Satink et al. are not present in the matrix isolated spectra and vice versa 

(Table 5.3). 

Table 5.3. Comparison between the vibrational frequency values of benzyl radical 1d 

by Satink et al. (gas phase) and by Sander et al. (matrix isolated) as reported in the 

literature.133, 137 

Calculateda 

𝜈/cm-1 (Sym) (Iabs)d 

(Satink et al.) 

Gas Phaseb 

𝜈/cm-1 

(gas phase) 

(Satink et al.) 

Argon 10 Kc 

𝜈/cm-1 (Irel)e 

(matrix isolated) 

(Sander et al.) 

Assignment 

202.0 (b1) (1.5)    

356.0 (b2) (0.2)    



 

Chapter 5  Tropyl Radical 

 

85 

 

390.0 (a2) (0.0)    

481.0 (b1) (16.2) 464.0 467.0 (10.0) C-H/CC o.o.p 

508.0 (a2) (0.0)    

526.0 (a1) (0.3)    

618.0 (b2) (0.0)    

685.0 (b1) (54.4) 666.0 668.0 (62.0) C-H o.o.p 

 - 711.0 (1.0) CH2 o.o.p 

738.0 (b1) (0.0)    

799.0 (b1) (89.2) 762.0 762.0 (100.0) C-H o.o.p 

826.0 (a1) (0.6)    

833.0 (a2) (0.0)    

903.0 (b1) (13.9) 880.0 883.0 (7.0) C-H o.o.p 

972.0 (b2) (1.2)    

 964.0 950.0 (1.0) CH2 bend 

975.0 (a2) (0.0)    

985.0 (a1) (0.5)    

986.0 (b1) (0.1)    

1030.0 (a1) (3.7) 1013.0 1015 (5.0) C-H bend 

 1040.0 -  

1110.0 (b2) (5.5) 1097.0 -  

1168.0 (b2) (0.1)    

1179.0 (a1) (0.2)    

1285.0 (a1) (2.2) - 1264.5 (4.0) CC (exo) str 

 - 1304.5 (3.0) C-H bend 

1337.0 (b2) (0.3)    

1355.0 (b2) (0.1)    

 - 1409.0 (7.0) CH2 stretch 

 1444.0 1446.0 (10.0) CC stretch 

1468.0 (b2) (5.4)    

1489.0 (a1) (2.4)    

1510.0 (a1) (9.9) 1465.0 1469.0 (30.0) CC stretch 

 1561.0 -  

1580.0 (b2) (1.4)    

1599.0 (a1) (0.9)    

 1693.0 -  

 1768.0 -  

 - 3072.0 (6.0) C-H stretch 

 - 3113.5 (2.0) CH2 stretch 

3165.0 (a1) (3.9)    

3178.0 (a1) (6.4)    

3181.0 (b2) (0.2)    

3193.0 (a1) (4.8)    

3199.0 (b2) (34.1)    

3212.0 (a1) (12.6)    

3269.0 (b2) (7.7)    

a Calculated at the B3LYP/D95(d,p) level of theory as reported by Satink et al.. b 

Experimental IR frequencies reported by Satink et al. cIn argon matrix at 10 K by Sander 

et al. d Absolute intensities in km/mol. e Relative intensities based on the strongest observed 

absorption band. 
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Thus, for deciphering the bands of the matrix isolated spectrum of 7a, the gas 

phase IR spectrum of the tropyl radical 7a reported by Satink et al. was taken as a 

reference.  

 Generation of the tropyl radical 7a 

 

Scheme 5.2. Generation of the tropyl radical 7a by the FVT of bitropyl 7 at 354 °C in argon 

matrix at 3 K. 

Thermolysis ovens of varying length and diameter were used for the generation 

of the radical 7a. The IR spectrum obtained on using an oven with the thermolysis zone 

of length 8 cm and 0.8 cm in diameter showed the presence of the non-thermolyzed 7 

only. Thus, an oven with an extremely narrow thermolysis zone (length 5 cm and 

diameter 0.3 cm) was then chosen for the efficient generation of 7a. Not only were the 

length and diameter of thermolysis zone varied, but so was the temperature for the 

optimal generation of 7a varied. 

The thermolysis zone was heated at an interval of 25 °C starting from 250 °C 

until 500 °C. At each temperature, 7 was allowed to pass through the thermolysis zone 

and the product was deposited along with argon on to the cold spectroscopic window at 

3 K. The recorded IR spectrum showed that the thermolysis of 7 starts at temperatures 

above 300 °C with the intensity of 7a being maximized when the oven temperature was 

354 °C. Increasing the oven temperature beyond 354 °C led to the further thermolyis of 

7a and the IR spectrum obtained contained acetylene as a by-product together with 7a. 

Thus as already mentioned, for the generation of the tropyl radical 7a, bitropyl 

7 was used as a suitable precursor as reported in the literature.131, 138 Flash vacuum 

thermolysis (FVT) of 7 at 354 °C with subsequent trapping of the products in a large 

excess of argon at 3 K produced very clean IR, UV-vis and EPR spectra of 7a. 7a was 

identified by comparison with IR133 and EPR134 spectra published in the literature. The 

UV-vis spectrum of 7a shows a broad band with two main overlapping absorption bands 

at 262.5 and 305.8 nm (Figure 5.8). 
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Figure 5.8. UV-vis spectrum of the tropyl radical 7a generated by FVT of bitropyl 7 at  

354 °C in pure argon matrix at 3 K.  

The IR spectrum of the radical 7a shows strong bands at 521, 613, 960 and  

1451 cm-1 and is in good agreement with the calculated spectrum obtained at the 

B3LYP-D3/6-311++G(d,p) level of theory (Figure 5.9, Table 5.4). The bands at 960 and 

1451 cm-1 have the same Irel values in the experimental spectrum as well as the same 

Iabs values in the theoretical spectrum. 



 

Chapter 5  Tropyl Radical 

 

88 

 

 

Figure 5.9. IR spectra of the tropyl radical 7a in pure argon matrix at 3 K. a) IR spectrum 

showing the formation of 7a on FVT of 7 at 354 °C in argon at 3 K. Asterisks (*) represent 

the non-thermolysed precursor 4. b) IR spectrum of 7a calculated at the B3LYP-D3/6-

311++G(d,p) level of theory. 

Comparison of the matrix isolated IR values of the tropyl radical with the 

literature values recorded in the gas phase 

The matrix isolated spectrum of the tropyl radical 7a is compared with the gas 

phase spectrum reported by Satink et al. in Table 5.4. Differences between the gas phase 

and the matrix isolated spectrum were observed. Satink et al. could only assign the first 

three lower frequency modes of the tropyl radical 7a in gas phase at 418, 515 and 626 

cm-1 and the rest of the vibrations were left unassigned by them. The three assigned 

vibrations of the tropyl radical 7a agree well with the matrix isolated spectrum of 7a 

obtained by us compiled in Table 5.4. Apart from the shifts in the wavenumbers, the 

peaks at 718, 769, 880 and 1691 cm-1 present in the gas phase IR spectrum were not 

observed in the matrix isolated spectrum. New less intense peaks were also observed 

additionally in the matrix isolated spectrum of the radical 7a at 1208.7 and  

1284.6 cm-1. Here the unassigned 1451 cm-1 peak observed in the matrix isolated 

spectrum could be compared to that of the 1444 cm-1 peak seen in the gas phase 

spectrum.  



 

Chapter 5  Tropyl Radical 

 

89 

 

The only major contamination observed in the spectra of these matrices is 

remaining precursor 7 (< 5%). 

Table 5.4. Experimental and calculated vibrational frequencies of the tropyl radical 7a. 

Mode Sym 
Calculateda 

𝜈/cm-1 (Iabs)c 

Argonb 3 K 

𝜈/cm-1 (Irel)d 

Literature 

gas phasee 

𝜈/cm-1 

(Satink et al.) 

Assignment 

- - - - 418.0  - 

6 A´ 519.1 (41.0) 
521.0 

527.1 
(26.2) 515.0  C-H bend 

8 A´ 646.3 (89.0) 
613.0 

616.0 
(60.7) 

611.0 

626.0 
C-H bend 

9 A´ 759.3 (2.0) 674.7 (2.1) - C-H bend 

- - - - 718.0 - 

 - - - 769.0 - 

- - - - 880.0 - 

- - - - 892.0 - 

13 A´´ 903.5 (1.0) 
890.7 

894.8 
(1.5) - C-H bend 

- - - - 943.0 - 

16 A´´ 964.6 (8.0) 960.1 (14) - C-C stretch 

- - - - 969.0 - 

20 A´´ 1190.0 (2.0) 1165.5 (3.7) - 
CC stretch + C-H bend (in 

plane) 

- - - - 1189.0 - 

21 A´ 1245.5 (3.0) 1208.7 (0.6) - 
CC stretch + C-H bend (in 

plane) 

22 A´ 1294.5 (1.0) 1284.6 (3.1) - 
CC stretch + C-H bend (in 

plane) 

- - - - 1444.0 - 

25 A´ 1474.5 (7.0) 1451.1 (16.9) - 
CC stretch+ C-H bend (in 

plane) 

- - - - 1561.0 - 

28 A´ 1591.5 (16.0) 1589.7 (1.4) - 
CC stretch+ C-H bend (in 

plane) 

- - - - 1691.0 - 

31 A´´ 3126.0 (6.0) 2986.0 (1.0) - Asymm C-H stretch  

33 

34 

35 

36 

A´ 

A´´ 

A´ 

A´ 

3149.5 (17.0) 

3164.7 (43.0) 

3166.3 (29.0) 

3175.5 (4.0) 

3033.6 

3049.0 
(100.0) - Asymm C-H stretch 

a Calculated at the B3LYP-D3/6-311++G (d,p) level of theory. b In argon matrix at 3 K. c 

Absolute intensities in km/mol. d Relative intensities based on the strongest observed 

absorption band. e Experimental IR frequencies reported by Satink et al. in Reference 133. 

The displacement vectors corresponding to the normal modes of vibration for 

the prominent peaks of the radical 7a are shown in Figure 5.10. 
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Figure 5.10. Displacement vectors of the normal modes of vibration of the intense peaks 

of the tropyl radical 7a. 

5.2.4. EPR studies of the tropyl radical 

Literature studies134 on the EPR spectra of 7a in single crystals of 

cycloheptatriene, thiourea and naphthalene and also in argon showed the formation of 

two types of spectra depending on the transition temperature of the medium. The two 

types of spectra are i) eight equally spaced lines corresponding to the interaction of the 

seven hydrogen atoms with the unpaired electron of the radical 7a. This spectrum is 

observed at a temperature above the transition temperature of the host medium and, ii) 

a highly anisotropic spectrum formed by the non-uniform electron distribution in 7a. 

Keeping these facts in mind, EPR spectroscopy was used for the generation and the 

detection of the radical 7a. 

The FVT products of 7 were trapped together with a large excess of argon onto 

an oxygen free copper (Cu) rod at 3.8 K. The oven was heated for a few hours to get 

rid of the signals due to methyl radicals obtained during the thermolysis experiments 

by default. The radical 7a exhibits a very intense, broad and unresolved EPR signal in 

the radical region around 335-350 mT. This shows the anisotropic spectrum of 7a at 3.8 

K as reported in the literature134 (Figure 5.11). 
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Figure 5.11. EPR spectra of the tropyl radical 7a. Black Line: the broad anisotropic EPR 

spectrum of the tropyl radical 7a at 3.8 K. Red Line: The highly resolved equally spaced 

EPR spectrum of the tropyl radical 7a after annealing to 25 K. 

As the matrix containing 7a was annealed to 25 K, the anisotropic spectrum of 

7a at 3.8 K (Figure 5.11, Black line) turns into a well resolved spectrum of eight equally 

spaced lines in the radical region 335-350 mT at 25 K due to the hyperfine interactions 

of the seven hydrogen atoms with the unpaired electron of the radical 7a (Figure 5.11, 

Red line). 

Cooling the matrix back to 3 K reproduces the same anisotropic spectrum of 7a 

(Figure 5.11, Black line). Thus, the EPR experimental data are in good agreement with 

the literature.134 
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5.2.5. Reaction of the tropyl radical with molecular oxygen 

 

Scheme 5.3. Generation and photochemistry of the tropylperoxy radical 7.1. 

In this work, the reactivity of the tropyl radical 7a with oxygen was studied. 

Thus, FVT of bitropyl 7 at 354 °C was carried out with subsequent trapping of the 

thermolysis products in 1% O2 doped argon matrix at 3 K. The products obtained were 

characterized using IR spectroscopy. Figure 5.12 (b) shows the FVT products of 7 in 

1% O2 doped argon matrix at 3 K. Figure 5.12 (c) shows the formation of new intense 

bands at 678, 721.5 and 899.7 cm-1 together with a sharp decrease in the intensity of the 

bands of the radical 7a on annealing the matrix to 30 K. The matrix was subsequently 

cooled to 3 K and a spectrum was recorded. Thus, the new bands formed by the reaction 

of 7a with oxygen were assigned to the stable conformer 7.1a of the tropylperoxy 

radical 7.1 (Figure 5.12 (c), Table 5.5, Scheme 5.3). 
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Figure 5.12. IR spectrum showing the formation of tropylperoxy radical 7.1. a) IR 

spectrum of the tropyl radical 7a in argon matrix at 3 K. b) IR spectrum of the FVT products 

of bitropyl 7 at 354 °C in 1% O2 doped argon matrix at 3 K. c) Difference IR spectrum 

showing the formation of 7.1 after annealing the matrix (b) at 30 K and recording the 

spectrum at 3 K. Peaks pointing upwards show the formation of tropylperoxy radical 7.1 

while peaks pointing downwards show the depletion of the tropyl radical 7a. d) IR spectrum 

of 7.1a calculated at the B3LYP/6-311++G(d,p) level of theory. 

According to the DFT calculations, two different conformers are possible for 1-

tropylperoxy radical, viz. 7.1a and 7.1b (Figure 5.13). The conformer 7.1a is more 

stable than the conformer 7.1b by 1.2 kcal/mol. The experimental IR values obtained 

are in good agreement with the calculated spectrum obtained at B3LYP-D3/6-

311++G(d,p) level of theory indicating the formation of the more stable conformer 7.1a. 

There was no evidence for the formation of the other conformer 7.1b. 
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Figure 5.13. Two possible conformers of the 1-tropylperoxy radical 7.1 predicted by 

B3LYP-D3/6-311++G(d,p) level of theory. 

Table 5.5. Experimental and calculated vibrational frequencies of the tropylperoxy 

radical conformer 7.1a. 

Mode Sym 
Calculateda 

𝜈/cm-1 (Iabs)c 

1% O2 doped argonb 

3 K 

𝜈/cm-1 (Irel)d 

Assignment 

8 A 491.4 (8.0) 490.8 (6.0 ) Ring stretch 

10 A 619.7 (7.0) 627.7 (11.0) C-H bend 

11 A 672.0 (15.0) 678.0 (32.2) C-H bend 

12 A 754.7 (85.0) 752.1 (100.0) C-H bend 

13 A 784.0 (18.0) 785.8 (19.6) Asymm. C-H bend 

14 A 820.7 (9.0) 802.4 (8.1) Ring stretch + C-H bend 

15 A 894.3 (18.0) 899.7 (41.2) Ring stretch + C-H bend 

17 A 923.6 (7.0) 951.7 (8.5) Ring stretch 

18 A 960.7 (5.0) 972.1 (13.7) Ring stretch+ C-O stretch 

21 A 994.8 (2.0) 996.1 (10.8) C-H bend 

24 A 1175.3 (6.0) 1123.5 (7.8) O-O stretch 

28 A 1323.2 (14.0) 1296.5 (12.2) C-H peroxy center bend 

31 A 1447.0 (7.0) 1414.9 (19.8) C-H bend in plane 

33 A 1558.8 (9.0) 1453.9 (7.8) C=C strtech 

35 A 1669.0 (1.0) 1533.7 (2.4) C=C strtech 
a Calculated at the B3LYP-D3/6-311++G (d,p) level of theory. b In 1% O2 doped argon 

matrix at 3 K. c Absolute intensities in km/mol. d Relative intensities based on the strongest 

observed absorption band. 

The matrix containing 7.1a was now irradiated with lights of different 

wavelengths (LED lights in the range 650-365 nm, 254 nm UV light and 308 nm XeCl 

excimer Laser) and the photoproducts generated were analyzed using IR spectroscopy. 

On irradiating the matrix containing 7.1a with 405 nm light, the intensity of the all the 

bands decrease while new broad bands appear at 2143-2100 and 1662 cm-1 together 

with the appearance of peaks of CO2 (2340 cm-1) and CO (2139 cm-1). The very broad 

band at 2143-2100 cm−1 supports the formation of ketoketene compounds as the ring 

opening products. Similar IR stretches, in the region between 2150-2050 cm−1, have 
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been earlier assigned to the ring opening ketoketene compounds formed because of 

prolonged irradiation of the phenylperoxy radical.139 

Further reactivity studies of the tropyl radical 7a with water would be studied 

as a future plan. 

5.3. Conclusion 

In summary, the generation of the tropyl radical by FVT of bitropyl at 354 °C in 

argon matrix at 3 K and its complete characterization using IR, UV-vis and EPR 

spectroscopy were studied. The experimental spectrum of the tropyl radical is in good 

agreement with the calculated spectrum obtained at the B3LYP-D3/6-311++G(d,p) 

level of theory. The matrix isolated IR spectrum of the tropyl radical was also compared 

with the gas phase spectrum reported in the literature by Satink et al. Different 

thermolysis ovens for the generation of tropyl radical were used out of which only the 

oven with a diameter of 0.3 cm (thermolysis zone) was found to generate the radical in 

high yields. During the photolysis of bitropyl with 254 nm light, the formation of the 

tropyl radical was not observed but instead a rearranged product 1-(1,3,5-

cycloheptatrienyl)-1,3,5-cycloheptatriene was obtained and are in good agreement with 

the literature. The study of the reaction of the tropyl radical with molecular oxygen 

produced the tropylperoxy radical. Only the stable conformer was observed in the IR 

experimental spectrum. Irradiation of the tropylperoxy radical with 405 nm gave the 

ring opening products. 
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6. Tropyl Cation 

6.1. Introduction 

The tropyl cation is an important aromatic cation in organic, inorganic and 

physical chemistry. 140-145 Much of the work on the tropyl cation was performed in 

between 1957-1968. Rylander et al.146 were the first to discover the tropyl cation as an 

intermediate in the dissociation pathway of alkylbenzenes instead of the benzyl cation. 

The C7H7
+ isomers, the benzyl and the tropyl cations follow similar pathways during 

isomerization as the barrier for the isomerization from tropyl to benzyl is 3 eV.147 The 

tropyl cation is more stable than the benzyl cation by 0.24 eV.148 Thus, the isomerization 

between the benzyl cation and the tropyl cation has intrigued extensive studies on the 

tropyl cation.  

Unlike the tropyl radical, tropyl cation is planar and follows Huckel’s rule of 

aromaticity as it consists of 6π electrons delocalized over the conjugated unsaturated 

seven carbon atoms. X-ray diffraction studies show that the tropyl cation possesses a 

D7h symmetry with the C-C bond length of the tropyl cation to be 1.40 ± 0.02 Å while 

the C-H bond length of 1.09 ± 0.02 Å.142 Earlier studies of the UV-vis absorption 

spectrum of the tropyl cation in solution phase showed a broad band in the range of 

247-275 nm149 whereas in solid argon this band was shifted to 263 nm.150 Vibrational 

spectroscopy studies of the tropyl cation have been well documented.143-144, 149, 151-154 

Gas phase vibrational studies of the tropyl cation thus have been studied using 

resonance enhanced multiphoton ionization (REMPI) spectroscopy and HeI 

photoelectron spectroscopy (PES). 

In this present work, the generation and the stabilization of the tropyl cation 7b 

in amorphous water-ice matrix was studied. The formation of 7b was thus confirmed 

by comparing the obtained IR and UV-vis experimental data with the literature.143-144, 

149-151, 155 
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6.2. Results and Discussions 

6.2.1. Generation of the tropyl radical in amorphous water-ice matrix 

 
Scheme 6.1. The generation of the tropyl radical 7a by the FVT of bitropyl 7 at 354 °C in 

amorphous water-ice matrix at 3 K. 

The tropyl radical 7a was generated in good yields by flash vacuum thermolysis 

(FVT) of bitropyl 7 at 354 °C along with water vapor which forms amorphous water-

ice matrix at 10 K. In amorphous water-ice matrix, the bands of 7a at 522.3 and 1451 

cm-1 were observed (Figure 6.1). Other IR bands of 7a are submerged under the strong 

absorption of amorphous water-ice. The major difference is that the IR and UV-vis 

spectra in water show broader linewidths and less fine structure than in argon. This 

presumably results from the less homogeneous matrix environment in water compared 

to argon, as noted in earlier publications.36, 92 

Figure 6.1. IR spectra of the tropyl radical 7a in amorphous water-ice matrix at 10 K. a) 
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IR spectrum of bitropyl 7 in argon matrix at 3 K. b) IR spectrum showing the formation of 

tropyl radical 7a by FVT of bitropyl 7 at 354 °C in argon matrix at 3 K c) IR spectrum 

showing the formation of the radical 7a in amorphous water-ice matrix by FVT of 7 at 354 

°C at 10 K.  

The UV-vis spectrum of 7a recorded in amorphous water-ice matrix (Figure 6.2) 

was identical to the spectrum obtained in argon matrix (Chapter 5, Figure 5.8). 

Figure 6.2. UV-vis spectrum of the tropyl radical 7a generated by FVT of bitropyl 7 at  

354 °C in amorphous water-ice matrix at 10 K.  

6.2.2. Photoionization of the tropyl radical in amorphous water-ice 

 
Scheme 6.2. Photoionization of the tropyl radical 7a with 450 nm in amorphous water-ice 

at 3 K. 

Amorphous water-ice matrix containing the radical 7a was irradiated with light 

of different wavelengths (LED lights in the range 650-365 nm, 254 nm UV light and 

308 nm XeCl excimer laser) and the photoproducts obtained were analyzed by IR and 

UV-vis spectroscopy. 
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Interestingly, 7a isolated in amorphous water-ice matrix, shows excellent and 

prominent photochemistry. The IR spectrum showed that the irradiation of 7a with 

450 nm LED light leads to the disappearance of the radical 7a peak and appearance of 

new bands at 1477.4 (v.s), 991.8 and 658 cm-1. As shown in Figure 6.3, analogous to 

the data reported in the literature, these new peaks were assigned to the tropyl cation 

7b.143-144, 151, 155 Also the spectrum was in good agreement with the calculated spectrum 

obtained at the B3LYP-D3/6-311++G(d,p) level of theory (Figure 6.3, Table 6.1).  

Figure 6.3. IR spectrum showing the formation of the tropyl cation 7b in amorphous water-

ice matrix at 10 K. a) IR spectrum showing the formation of the tropyl radical 7a by FVT 

of bitropyl 7 at 354 °C in amorphous water-ice matrix at 10 K. Asterisks (*) represent the 

non-thermolysed 7. b) Difference IR spectra showing the formation of the tropyl cation 7b 

on 450 nm LED irradiation of 7a in amorphous water-ice matrix at 10 K. Peaks pointing 

upwards show the formation of 7b while peaks pointing downwards show the depletion of 

7a. c) IR spectrum of 7b calculated at the B3LYP-D3/6-311++G(d,p) level of theory.  

The ionization potential of 7a in the gas phase is calculated to be 6.18 eV at the 

B3LYP-D3/6-311++G(d,p) level of theory. Amorphous water-ice matrix usually lowers 

the ionization potential of a molecule by 2 eV as reported in the literature.36, 111 Thus, a 
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two-photon process takes place during the photoionization of the radical 7a to form the 

cation 7b with 450 nm LED (2.7 eV). 

The theoretical spectrum of 7b comprises of only four peaks at 662 cm-1 (v.s), 

1008 cm-1 (w), 1512 cm-1 (v.s) and 3180 cm-1 (w). The peak corresponding to  

3180 cm-1 is obscured under the huge OH absorptions of amorphous water-ice. The 

experimentally obtained IR values of the tropyl cation 7b are also compared with the 

literature143-144, 151 in Table 6.1. Thus, this confirms the formation of 7b by the 

photolysis of 7a in amorphous water-ice matrix with 450 nm LED. 

Table 6.1. Experimental and calculated vibrational frequencies of the tropyl cation 7b. 

Mode Sym 
Calculateda 

𝜈/cm-1 (Iabs)c 

Amorphous 

water-iceb 

𝜈/cm-1 (Irel.)d 

Literature values 

𝜈/cm-1 

(intensity) 

Assignment 

7 A´ 662.8 (97.0) 658.0 (35.7) 633e/658e/648f (s) Symm. C-H bend (o.o.p) 

14 A´´ 1008.8 (3.0) 991.8 (2.1) 992e/993f (mw) CC stretch 

25 A´´ 1512.9 (46.0) 1476.8 (100.0) 1477e/1477f (v.s) 
CC stretch + C-H bend 

(in plane) 

35 A´ 3180.7 (4.0) - 3020e/3020f (s) Asymm C-H stretch  
a Calculated at the B3LYP-D3/6-311++G(d,p). b In amorphous water-ice at 3 K. c Absolute 

intensities in km/mol. d Relative intensities based on the strongest observed absorption 

band. e From Reference 151 by Fateley et al. f From Reference 143 by Sourisseau et al. 

The displacement vectors corresponding to the normal modes of vibration for 

the prominent peaks of the cation 7b are shown in Figure 6.4. 

 

Figure 6.4. Displacement vectors of the normal modes of vibration of the peaks of the 

tropyl cation 7b. 

Attempts were also made to generate the tropyl cation 7b in the presence of an 

electron scavenger i.e., in 1% CH2Cl2 doped argon matrix. Thus, the tropyl radical 7a 

was generated in good yields by FVT of bitropyl 7 at 354 °C and was trapped with 1% 
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CH2Cl2 doped argon matrix at 3 K. The matrix was then irradiated first with 450 nm 

LED like the experiment performed in amorphous water-ice. However, the 

photoionization of the tropyl radical 7a to the tropyl cation 7b was not observed by IR 

and UV-vis spectroscopy. The tropyl cation was also not observed on irradiating the 

matrix with lights of different wavelength (LED lights in the range 650-365 nm, 254 

nm UV light and 308 nm XeCl excimer laser). 

Thus, it can be concluded that the tropyl cation exclusively forms in amorphous 

water-ice matrix. 

The formation of the cation 7b was also confirmed by UV-vis experiments. On 

irradiating the radical 7a in amorphous water-ice matrix with 450 nm LED, bands 

corresponding to the radical 7a decreases in intensity whereas a new peak at 267 nm 

appears and its intensity increases over continued irradiation of 7a (Figure 6.5). The 

peak at 267 nm corresponds to the tropyl cation 7b in accordance with the literature.150 

Figure 6.5. UV-vis spectra showing the formation of the tropyl cation 7b (arrow marked 

upwards) and the depletion of the tropyl radical 7a (arrow marked downwards) on the 

continuous irradiation of the tropyl radical 7a in amorphous water-ice matrix at 10 K with 

450 nm LED light. 

After the photolysis, the amorphous ice matrix was subsequently annealed to 

120 K. Radical recombination was not observed. This is attributed to the high 
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aromaticity of 7b which makes it very stable under annealing conditions. The formation 

of new photoproducts was also not observed on further irradiation of the cation 7b. 

Annealing the matrix to 120 K and continuous recording of the UV-vis spectra 

showed the presence of the cation 7b in the UV-vis spectrum (Figure 6.6) confirming 

the high stability of 7b even in amorphous water-ice matrix. 

Figure 6.6. UV-vis spectrum showing the stability and the presence of the tropyl cation 7b 

on annealing the amorphous water-ice matrix at temperatures up to 120 K. 

Thus, a successful generation of the tropyl cation 7b in amorphous water-ice 

from the tropyl radical 7a was documented using IR and UV-vis spectroscopy.  

6.3. Conclusion 

In summary, the tropyl cation was successfully generated by the photoirradiation 

of the tropyl radical in amorphous water-ice matrix at 10 K using 450 nm LED light 

and was characterized using IR and UV-vis spectroscopy. The experimentally obtained 

IR and UV-vis data were comparable with the literature and calculated values obtained 

at the B3LYP-D3/6-311++G(d,p) level of theory. The simple symmetry of the tropyl 

cation allows for its easy IR assignment due to the formation of only three IR bands in 
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the (1600-600) cm-1 region owing to the D7h symmetry. The photoionization of the 

tropyl radical to generate the tropyl cation in electron scavenger doped argon matrices 

was also attempted. The formation of the tropyl cation was not observed in such 

matrices showing that the tropyl cation forms exclusively in the amorphous water-ice 

matrix. The stability of the tropyl cation in amorphous water-ice matrix was studied. 

The high aromaticity of the tropyl cation stabilizes itself even at annealing temperatures 

of 120 K.
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7. Cyclopentadienyl Radical 

7.1. Introduction 

The importance of cyclopentadienyl radical (C5H5˙) in the soot chemistry or in 

the combustion process has been well documented.156-160 The importance of 

cyclopentadienyl moiety as a ligand to form sandwich complexes with metals further 

reflects its importance in the field of inorganic chemistry. However, for physical 

chemists, the effect of Jahn-Teller’s distortion on the radical have kept the studies on 

the radical continuing for quite a long time.  

The cyclopentadienyl radical is a highly symmetric radical with a D5h symmetry. 

The presence of a degenerate ground state 2E1´´ makes it vulnerable to Jahn-Teller (JT) 

distortion. This distortion splits the D5h symmetry into two almost isoenergic C2v 

symmetric structures with 2A2 and 2B1 ground states. One of them possesses a dienylic 

form and the other an allylic form. Since the interconversion between the two forms is 

almost barrierless, a pseudorotation between the structures is possible as shown in 

Figure 7.1. 

 
Figure 7.1. Pseudorotation as observed in cyclopentadienyl radical due to Jahn-Teller 

distortion. The dot represents the radical. The allylic structure 11b is labelled as 2A2 

representing its ground state whereas the dienylic structure 11a is labelled as 2B1 

representing the ground state. The central radical 11c is the unperturbed C5H5 radical with 

D5h symmetry.  

The first IR spectroscopic data of the cyclopentadienyl radical in the range of 

(1600-400) cm-1 was published by Korolev et al.161. Cyclopentadienyl radical was 

trapped in argon however they did not consider the effect of the Jahn-Teller distortion 

on its symmetry. The entire study was performed by considering the radical to possess 

a D5h symmetry in stark contrast with the theoretical studies which shows the distortion 
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of D5h symmetry into C2v symmetry due to the JT effect. EPR measurements of the 

cyclopentadienyl radical were also reported.162-164 The EPR spectra depend on the 

matrix used in terms of the transition temperature. It was observed that at temperatures 

above the transition point, six equally spaced lines corresponding to the interaction of 

the electron with five hydrogens of the cyclopentadienyl radical exist. However, below 

the transition temperature, an anisotropic spectrum of the cyclopentadienyl radical was 

obtained.  

Several groups have performed ab-initio calculations on the JT effect on 

cyclopentadienyl radical. Applegate et al.165-166 had studied the role of this distortion 

theoretically and compared it with the experimental data published using LIF and LEDF 

spectroscopy. In their studies, they calculated the parameters for the JT active 

vibrational modes using two methods. Despite finding that the Method II was efficient, 

they predicted that calculations using simple HF geometries was better when 

accounting for the JT factor in molecules. Using their own parameters, they also 

predicted the several observed bands of the radical arising due to the JT distortion. 

Simultaneously, Kiefer et al. had obtained the JT parameters on the use of high level 

calculations in the same year.167 

In the present work, an experimental matrix isolated spectrum of the 

cyclopentadienyl radical 11 was obtained and completely characterized using IR, UV-

vis and EPR spectroscopy. High level calculations were also performed to obtain the 

structures and vibrational frequencies of the dienylic 11a, allylic 11b and the conical 

intersection 11c forms. 

 
Figure 7.2. This figure is adapted from the article published by Applegate et al.166 and 

shows the molecular orbitals of the undistorted C5H5 radical together with the JT distorted 

MO’s. 
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7.2. Results and Discussions 

7.2.1. Matrix isolation and spectroscopic characterization of the cyclopentadienyl 

radical 

Nickelocene 10 was chosen as a suitable precursor for the generation of the 

cyclopentadienyl radical 11 under matrix isolation conditions. The loosely sandwiched 

cyclopentadienyl rings on the Ni (+2) ion allow for its easy thermolysis to generate the 

cyclopentadienyl radical together with other thermolysis by-products. The use of 10 for the 

generation of the cyclopentadienyl radical 11 has been well documented in the literature.161, 

168-169 

 
Scheme 7.1. The generation of the FVT products of nickelocene 10 in argon matrix at 3 K. 

A thermolysis oven of length 8 cm and diameter 0.8 cm was used for the 

generation of 11. Mass experiments were recorded during flash vacuum thermolysis 

(FVT) of 10 to generate the radical 11 under matrix isolation conditions with an inbuilt 

ultrahigh vacuum mass instrument. FVT of 10 was done up to 1000 °C to see the 

formation of the products. The mass spectra obtained showed a peak at m/z = 65 at a 

temperature corresponding to 850 °C along with another peak at m/z = 66. The m/z = 

65 value corresponds to the radical 11 whereas the m/z = 66 value corresponds to the 

hydrogen abstracted product 12 (Figure 7.3). At a thermolysis temperature of 900 °C, 

formation of either 11 or 12 was not observed. 
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Figure 7.3. Mass spectrum showing the intensities of 11 and 12 formed on FVT 

products of 10 at different temperatures. A m/z = 66 corresponds to the cyclopentadiene 

C5H6 12 while m/z = 65 corresponds to the cyclopentadienyl radical 11. 

Formation of hydrogen abstracted products during the generation of the 

corresponding radical are very common during thermolysis involving elevated 

temperatures. Thus, for the experiments where the IR, UV-vis experiments were 

conducted the thermolysis temperature was optimized at 800 °C due to the change in 

the chamber pressure. 10 sublimes at room temperature under high vacuum (~10-6 

mbar). Thus, FVT of 10 at 800 °C with subsequent trapping of the products in a large 

excess of argon at 3 K produced 11 in high yields. IR, UV-vis and EPR spectra of the 

matrix were subsequently recorded. Apart from the formation of 11 in high yields, the 

IR spectrum also clearly shows the formation of cyclopentadiene 12, non-thermolyzed 

nickelocene 10 and 9,10-dihydrofulvalene 13 as the side products of thermolysis of 10 

(Figure 7.4). Annealing the matrix up to 35 K showed the formation of 13 as the major 

product formed due to the dimerization of 11. 
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Figure 7.4. IR spectrum showing the formation of the cyclopentadienyl radical 11 in argon 

matrix at 3 K. a) IR spectrum of nickelocene 10 in argon matrix at 3 K. b) IR spectrum of 

the FVT products of dicyclopentadiene 14 at 404 °C in argon matrix at 3 K. c) IR spectrum 

showing the presence of 11 together with other thermolysis products by the FVT of 

nickelocene 10 at 800 °C in argon matrix at 3 K. The band marked with asterisks (*) comes 

from the oven as an impurity. The bands numbered are the unassigned bands. d) Difference 

IR spectrum showing the formation of the 9,10-dihydrofulvalene 13 on annealing the 

matrix containing 11 in argon matrix at 3 K. 

The IR bands at 1384.5 and 661 cm-1 in the thermolysis spectra (Figure 7.4) are 

assigned to the radical 11 unambiguously as reported in the literature.161 However, a 

few unassigned peaks are observed at 1127.1, 947, 874, 732, 688 and 501 cm-1 on 

excluding the bands of 10, 12 and 13 formed during the FVT of 10 (Figure 7.4 (c)). 

During annealing of the FVT products of 10 up to 35 K, the unassigned bands decrease 

in intensity to form 13 (dimerization product of the radical 11). To assign the 

experimental spectrum of the radical 11, several high-level theory calculations were 

performed in our group by Enrique M. Vega and Dr. Joel Mieres-Perez. The three states 

of the radical 11, namely, the dienylic 11a, the allylic 11b and the conical intersection 
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11c structures were calculated at the CASSCF level of theory. Figure 7.5 shows the 

comparison of the experimental spectrum of the cyclopentadienyl radical 11 with the 

calculated spectrum. The radical 11 is believed to undergo Jahn-Teller’s distortion from 

the D5h structure 11c to form the dienylic 11a and allylic 11b structures which have the 

same energy and the interconversion between them is almost barrierless. According to 

the calculations performed, the structure 11b is believed to be the transition state. Thus, 

an attempt was made to match the dienylic 11a and the allylic 11b optimized structures 

of the radical 11 with the unassigned bands in the FVT spectra. The matrix isolated 

spectrum of the radical 11 is in good agreement with the calculated spectra of the two 

structures 11a and 11b. 

 
Figure 7.5. IR spectrum showing the formation of the cyclopentadienyl radical 11 in argon 

matrix at 3 K. a) IR spectrum showing the formation of 11 together with other thermolysis 

products by the FVT of nickelocene 10 at 800 °C in argon matrix at 3 K. The unassigned 

bands in this spectrum belong to the other thermolysis products 10, 12, 13 as shown in 

Figure 7.4. b) IR spectra of the dienylic 11a (orange) and allylic 11b (blue) forms of radical 

11 calculated at the CASSCF level of theory. c) IR spectrum of the conical intersection of 

radical 11 (green) calculated at the CASSCF level of theory. 
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Figure 7.6. UV-vis spectra of the FVT products of nickelocene 10 in argon matrix at  

10 K. a) UV-vis spectrum of nickelocene 10 in argon matrix at 10 K (blue). b) UV-vis 

spectrum of the products generated by the FVT of 10 at 800 °C in argon matrix at 10 K 

(red). 

UV-vis studies of FVT of 10 shows the formation of a complex set of bands in 

the range (297-340) nm and also at 239 nm (Figure 7.6). This can be attributed to the 

overlapping of bands of 11, 12 and 13 present in the same matrix. However, the UV-vis 

spectrum clearly shows the absence/minimal amount of non-thermolyzed precursor 10. 

7.2.2. EPR studies of the cyclopentadienyl radical 

Literature studies170 on the EPR spectra of the cyclopentadienyl radical 11 in 

single crystals of cycloheptatriene showed the formation of two types of spectra 

depending on the transition temperature of the medium. The two types of spectra are i) 

six equally spaced lines corresponding to the interaction of the five hydrogen atoms 

with the unpaired electron of the radical 11. This spectrum is observed at high 

temperatures above the transition temperature of the host medium and, ii) a highly 

anisotropic spectrum formed by the non-uniform electron distribution in 11. Keeping 
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these facts in mind, experiments were performed to generate and detect the formation 

of 11 using EPR spectroscopy. 

The products of FVT of 10 were trapped together with a large excess of argon 

onto an oxygen free copper (Cu) rod at 5 K. The oven was heated for a few hours to get 

rid of the signals due to methyl radicals obtained during the pyrolysis experiments by 

default. 11 exhibits a very intense, broad and unresolved EPR signal in the radical 

region around 335-350 mT. This shows the anisotropic spectrum of the radical 11 at  

5 K as reported in the literature (Figure 7.7, Black line).170 

Figure 7.7. EPR spectra of the cyclopentadienyl radical 11. Black Line: the broad 

anisotropic EPR spectrum of the cyclopentadienyl radical 11 at 5 K. Red Line: The highly 

resolved equally spaced EPR spectrum of the cyclopentadienyl radical 11 after annealing 

to 35 K. 

As the matrix containing 11 was annealed to 35 K, the anisotropic spectrum of 

11 at 5 K turns into a well resolved spectrum of six equally spaced lines in the radical 

region 335-350 mT at 35 K due to the hyperfine interactions of the five hydrogen atoms 

with the unpaired electron of the radical 11 (Figure 7.7, Red line). 

Cooling the matrix back to 5 K reproduces the same anisotropic spectrum of the 

radical 11 (Figure 7.7, Black line). Thus, the experimental data are in good agreement 

with the literature.170 
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7.2.3. Reaction of the cyclopentadienyl radical with molecular oxygen 

 
Scheme 7.2. Generation and photochemistry of the cyclopentadienylperoxy radical 11.1. 

The reaction of FVT products of 10 with small molecules like O2 or H2O helps 

to understand and assign the bands corresponding to the radical 11 efficiently. Thus, 

FVT of nickelocene 10 at 800 °C was carried out with subsequent trapping of the 

products in 1% O2 doped argon matrix at 3 K. In separate experiments, reaction of 10 

and 12 with O2 were carried out to eliminate the bands corresponding to the oxidation 

products of 10 and 12 and to observe the bands of the oxidation products of 11 

exclusively in the FVT spectrum (Figure 7.8). The products were characterized using 

IR spectroscopy. 
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Figure 7.8. IR spectrum showing the formation of the anti-cyclopentadienylperoxy radical 

11.1a. a) IR spectrum of nickelocene 10 in 1% O2 doped argon matrix at 3 K. b) IR spectrum 

of the FVT products of dicyclopentadiene 14 at 404 °C in 1% O2 doped argon matrix at 3 

K. c) IR spectrum showing the formation of 11.1a together with other oxidation products 

after annealing the matrix containing FVT products of nickelocene 10 at 800 °C in 1% O2 

doped argon matrix at 30 K and recording the spectrum at 3 K d) IR spectrum of 11.1a 

calculated at the UB3LYP/6-311++G(d,p) level of theory. 

Figure 7.8 shows the appearance of new intense bands at 691.3, 825.8 and  

901.5 cm-1 at 3 K soon after thermolysis. Other less intense peaks corresponding to 11.1 

are tabulated in Table 7.2. Annealing the matrix to 35 K led to the further increase of 

these bands while the bands corresponding to the radical 11 decreased in intensity. The 

new bands correspond to the formation of the anti-cyclopentadienylperoxy radical 

11.1a. According to the DFT calculations, the anti-conformer 11.1a is more stable than 

the syn-conformer 11.1b by 1 kcal/mol. Thus, the anti-cyclopentadienylperoxy radical 

11.1a was formed on the reaction of the radical 11 with O2 and is in good agreement 

with the calculated spectrum obtained at the UB3LYP/6-311++G(d,p) level of theory. 
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The presence of the syn-cyclopentadienylperoxy radical 11.1b was not observed during 

annealing. 

The displacement vectors corresponding to the normal modes of vibration for 

the prominent peaks of the anti-cyclopentadienylperoxy radical 11.1a are shown in 

Figure 7.9. 

Figure 7.9. Displacement vectors of the normal modes of vibration of the intense peaks of 

the anti-cyclopentadienylperoxy radical 11.1a. 

Table 7.2. Experimental and calculated vibrational frequencies of the anti-

cyclopentadienylperoxy radical 11.1a. 

Mode Sym 
Calculateda 

𝜈/cm-1 (Iabs)c 

1% O2 doped argonb  

3 K 

𝜈/cm-1 (Irel)d 

Assignment 

7 A 708.0 (68.0) 691.3 (100.0) C-H bend 

8 A 729.0 (4.0) 713.3 (9.1) C-H bend 

9 A 804.6 (6.0) 739.2 (5.53) Ring stretch 

10 A 843.8 (15.0) 825.8 (32.9) Ring stretch 

11 A 917.2 (31.0) 901.5 (51.3) Ring stretch 

12 A 942.9 (19.0) 
939.7 

951.2 
(23.6) Ring stretch+ C-O stretch 

15 A 1007.6 (3.0) 1000.5 (5.8) Ring stretch 
16 A 1047.4 (14.0) 1034.4 (26.8) Ring stretch 
17 A 1108.0 (4.0) 1087.7 (3.2) Ring stretch 
18 A 1128.3 (1.0) 1111.8 (1.4) Ring stretch 
19 A 1169.9 (9.0) 1121.2 (9.1) O-O stretch 

21 A 1294.0 (10.0) 1265.1 (13.8) C-H peroxy center bend 

23 A 1384.1 (14.0) 1364.2 (23.6) C=C Ring stretch 
a Calculated at the UB3LYP/6-311++G (d,p) level of theory. b In 1% O2 doped argon matrix 

at 3 K. c Absolute intensities in km/mol. d Relative intensities based on the strongest 

observed absorption band. 

Irradiation of the anti-conformer 11.1a with light of wavelength λ = 505 nm led 

to the decrease in intensity of the bands corresponding to 11.1a together with the 

increase of new intense bands at 667.3, 845.6 and 874.3 cm-1. The new bands 

correspond to syn-cyclopentadienylperoxy radical 11.1b and is in good agreement with 
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the calculated spectrum obtained at UB3LYP/6-311++G(d,p) level of theory (Figure 

7.10). Other less intense bands corresponding to 11.1b are tabulated in Table 7.3. 

Figure 7.10. IR spectrum of the syn and the anti-conformers of cyclopentadienylperoxy 

radical 11.1. a) IR spectrum of the anti-cyclopentadienylperoxy radical 11.1a formed on 

the FVT of 10 at 800 °C in 1% O2 doped argon matrix at 3 K. b) Difference IR spectrum 

showing the formation of the syn-cyclopentadienylperoxy radical 11.1b on irradiating 

11.1a with 505 nm LED light. c) IR spectrum of 11.1b calculated at the UB3LYP/6-

311++G(d,p) level of theory. 

The displacement vectors corresponding to the normal modes of vibration for 

the prominent peaks of the syn-peroxy radical 11.1b are shown in Figure 7.11. 

Figure 7.11. Displacement vectors of the normal modes of vibration of the intense peaks 

of the syn-cyclopentadienylperoxy radical 11.1b. 
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Table 7.3. Experimental and calculated vibrational frequencies of the syn-

cyclopentadienylperoxy radical 11.1b. 

Mode Sym 
Calculateda 

𝜈/cm-1 (Iabs)c 

1% O2 doped argonb 

3 K 

𝜈/cm-1 (Irel)d 

Assignment 

6 A 641.9 (4.0) 632.0 (10.3) C-H bend +Ring stretch 

7 A 678.3(46.0) 667.3 (41.2) C-H bend oop 

9 A 800.6 (3.0) 730.4 (9.8) Ring stretch 

10 A 860.8 (13.0) 845.6 (34.3) Ring stretch 

11 A 884.6 (88.0) 874.3 (100.0) C-H bend +Ring stretch 

15 A 1009.5 (2.0) - Ring stretch 

16 A 1044.1 (19.0) 1041.3 (28.3) Ring stretch 

17 

18 

19 

A 

1110.6 (2.0) 

1122.4 (3.0) 

1137.0 (5.0) 

1115.0 (15.4) Ring stretch +C-O stretch 

22 A 1329.7 (8.0) 1296.5 (3.0) C-H peroxy center bend 

23 A 1382.7 (17.0) 1362.3 (11.6) C-C stretch 

a Calculated at the UB3LYP/6-311++G (d,p) level of theory. b In 1% O2 doped argon matrix 

at 3 K. cAbsolute intensities in km/mol. d Relative intensities based on the strongest 

observed absorption band. 

Annealing the matrix containing 11.1b reproduced the anti-conformer 11.1a. 

Thus, an interconversion between the two conformers of 11.1a and 11.1b was observed. 

This cycle was repeated several times (Figure 7.12). 
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Figure 7.12. Photochemical interconversion between the anti 11.1a and the syn 11.1b 

conformers of cyclopentadienylperoxy radical 11.1 in 1% O2 doped argon matrix at 3 K. 

The matrix is continuously irradiated with 505 nm to form the syn conformer 11.1b from 

the anti-conformer 11.1b. This matrix is then annealed up to 30 K to form the anti-

conformer 11.1a back. This cycle is repeated several times. 

Further irradiation of 11.1a with lights of wavelength 365<λ<470 nm led to a 

rapid formation of 11.1b within minutes, after which the intensity of all the bands 

corresponding to 11.1a and 11.1b decrease in intensity with the simultaneous formation 

of an intense broad band at 2129, 1725 and 1649.4 cm-1 together with the appearance 

of peaks corresponding to CO2 and CO. This confirms the formation of a mixture of 

ring opening products. The very broad band at 2143-2100 cm−1 supports the formation 

of ketoketene compounds as the ring opening products. Similar IR stretches, in the 

region between 2150-2050 cm−1, have been earlier assigned to the ring opening 

ketoketene compounds formed because of prolonged irradiation of the phenylperoxy 

radical.139 
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7.2.4. Reaction of the FVT products of nickelocene with water 

FVT of 10 was carried out and the thermolysis products were co-deposited with 

1% H2O doped argon at 3 K. During the thermolysis, the temperature of the CsI window 

increases from 3 K to 7 K due to the high temperature of the oven. Thus, much of the 

complex formation with H2O already took place at 7 K even before annealing the matrix 

to 25 K to study the interaction of the radical 11 with H2O. As already mentioned in 

Section 7.2.1., the FVT of nickelocene 10 produced a number of products 

(cyclopentadienyl radical 11, cyclopentadiene 12, dihydrofulvalene 13 and non-

thermolyzed nickelocene 10) in argon matrix at 3 K. Repeating the same experiment in 

1% H2O doped argon matrix would necessarily lead to the formation of a complicated 

spectra containing the H2O complexes of 10, 11, 12 and 13. 

Figure 7.13 shows the formation of H2O complexes of 10, 11, 12 and 13. In 

separate experiments, nickelocene 10, cyclopentadiene 12 was deposited in 1% H2O 

doped argon matrix. The matrix was then annealed to study the reaction of H2O with 10 

and 12. The formation of the complexes 10···H2O and 12···H2O were observed. Since 

peaks of the radical 11 lie quite close to 12, the formation of 11···H2O is believed to be 

submerged with the rest of the complexes. During the complex formation, many of the 

changes were observed in the fingerprint region of the spectra. Thus, new peaks due to 

the complex formation were observed at 671, 745, 767 and 1126 cm-1. The peaks of the 

complexes of cyclopentadiene 12 and dihydrofulvalene 13 with water are submerged in 

the 671 cm-1 and 745 cm-1 peaks respectively. Comparable results (with slight shifts) 

were obtained when H2O was replaced by D2O. The unassigned bands of the 

experimental spectrum are in good agreement with the calculated spectrum obtained at 

the M062X/6-311++G(d,p) level of theory. However, the accurate assignment of the 

11···H2O peaks is difficult due to the complexity of the spectra. 

Irradiating the matrix containing 11···H2O complex with 365 nm led to a very 

slight decrease in the intensity of the complex together with a slight increase in the 

formation of 12 and 13. 12 and 13 are formed via the hydrogen abstraction and 

dimerization of the radical 11 respectively. In separate experiments, on irradiation of 

pure 12···H2O with 365 nm light, no such decrease in the intensity of the complex was 

observed suggesting that the complex formed should contain the radical 11. 
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Figure 7.13. IR spectrum showing the complex formation between the cyclopentadienyl 

radical 11 and water in 1% H2O doped argon matrix at 3 K. a) IR spectrum showing the 

formation of 11 together with other thermolysis products by FVT of nickelocene 10 at  

800 °C in argon matrix at 3 K. e) IR spectrum showing the water complex formation of 11 

together with other thermolysis products by the FVT of nickelocene 10 at 800 °C in 1% 

H2O doped argon matrix at 3 K. f) IR spectrum of matrix (e) after annealing to 25 K and 

cooled down to 3 K. g) IR spectrum of the radical-water complex with H2O molecule on 

the top of radical 11 calculated at the UM062X/6-311++G(d,p) level of theory. 

Thus, to know more about the interaction of H2O with the radical 11, DFT 

calculations were performed on the optimized structures of the dienylic form of radical 

11. As previously studied in case of interaction of H2O with benzene and phenyl radical, 

H2O can approach the radical from two sides i.e., from the side (Structure C) or from 

the top (Structure A). However, DFT calculations suggest that the Structure A is 

energetically more stable than structure C and is quite comparable to the H2O 

complexes with benzene and phenyl radical (Figure 7.14).  
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Figure 7.14. Formation of the cyclopentadienyl-water complex and a comparison of its 

energy with benzene and phenyl radical water complexes. 

7.3. Conclusion 

In summary, the generation of the cyclopentadienyl radical by FVT of 

nickelocene at 800 °C in argon matrix at 3 K and its complete characterization using 

IR, UV-vis and EPR spectroscopy was reported. Although the generation of the 

cyclopentadienyl radical was confirmed by comparing the spectrum with the 

literature,161 a complete assignment of all unassigned bands was done based on the 

CASSCF level of theory calculations. Thus, the experimental spectrum of the 

cyclopentadienyl radical is in good agreement with the calculated spectrum obtained at 

the CASSCF level of theory. The reaction of the cyclopentadienyl radical with small 

molecules like oxygen and water was also studied. 

The reaction of the cyclopentadienyl radical with oxygen led to the sole 

formation of the anti-cyclopentadienylperoxy radical. The syn-conformer of the 

cyclopentadienylperoxy radical was then generated by irradiating the anti-conformer 

with light of wavelength 505 nm. The two conformers were interconvertible 
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photolytically and thermally. Further irradiation of the peroxy radical led to the 

formation of ring opening products. 

The reaction of the cyclopentadienyl radical with water was also attempted. The 

complexity of the spectrum due to the presence of the H2O complexes of side products 

made the assignment a bit skeptical. The experimental data is in good agreement with 

the calculated spectrum of the H2O∙∙∙∙radical complex. DFT calculations predict that the 

water approaches the radical from above to form the water complex. Irradiating the 

H2O∙∙∙∙radical complex led to the back formation of the free radical. 
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8. Summary 

8.1. Benzhydryl Radical and Cation. 

 

The benzhydryl radical 1a was successfully generated by the FVT of 1,1,2,2-

tetraphenylethane 4 and characterized in argon, 1% CH2Cl2 doped argon, 1% O2 doped 

argon and amorphous water-ice matrices at cryogenic temperature (2.8 K). IR, UV-vis 

and EPR studies were performed for the complete spectroscopic characterization of the 

radical 1a. The benzhydryl cation 2a was formed as a result of the photoionization of 

the benzhydryl radical 1a in amorphous water-ice matrices in high yields. The 

formation of the cation 2a was also observed in extreme low yields in argon and argon 

doped matrices. This is due to the amorphous water-ice matrix, which lowers the 

ionization energy of the radical 1a by 2 eV as reported in the literature. Thus, 

photoinduced single electron transfer was observed to be very efficient, near 

quantitative, when excited into the UV-vis bands of the cation (450 nm) and radical 

(308 nm) showing that the electron is readily accessible in the amorphous water-ice 

matrix. The benzhydryl cation is partially converted back to the radical when irradiated 

at 450 nm, indicating that only some matrix-sites were accessible for such photoinduced 

back-electron-transfer (BET). Attempts to generate the benzhydryl anion were also 

made. The radical 1a in amorphous water-ice was irradiated with electrons from 

electron gun of varying energy (100 eV–2000 eV) to generate the benzhydryl anion. 

Electron capture by the radical 1a was not observed indicating that the electron affinity 

of the radical may be lower than water-ice matrix itself. 

Thus, ionized species is stabilized in ice and electrons are also efficiently 

trapped. 
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Prolonged irradiation with 280-400 nm Hg lamp/308 nm Laser/365 nm LED 

leads to the decay of both the benzhydryl cation 2a and the radical 1a followed by the 

increase in intensity of 1,1,2,2-tetraphenylethane 4. This shows that the radical-radical 

coupling (dimerization) is a favored process when appropriate energy was provided. 

Thus, a new route for the formation of the benzhydryl cation in neutral medium was 

described which paves the way for further interesting chemistry. 

8.2. Pyrene in CO2 Ice 

This work showcases the first ever matrix isolation and photochemistry of 

pyrene in H2O/CO2 ice mixtures at 10 K. The ice was subjected to astronomical 

conditions like the Lyα irradiation which led to the formation of a common 

photoproduct pyrene radical cation. The nature of photochemistry changes with the 

composition of H2O and CO2 present in the ice. In H2O dominant H2O/CO2 ices, 

prolonged irradiation produces a broad absorption band at 256 nm. It is not prominent 

in intensity and no counterpart is visible in the IR spectrum. However, in CO2 dominant 

H2O/CO2 ices, prolonged irradiation leads to the formation of several photoproducts 

like CO, CO3, O, O3 etc. The changes to the ice were tracked in the UV-vis and IR 

spectrum simultaneously. Surprisingly, similar results were observed when pure CO2 

ice without pyrene was irradiated. 

The possibility of formation and identification of different photoproducts on the 

reaction of pyrene with VUV photolysis of H2O/CO2 cannot be overlooked. 

Although no clear evidence of the formation of photoproducts due to the 

reaction between pyrene and photolysed H2O/CO2 is observed in the UV-vis and IR 

spectra, if formed it’s peaks can be submerged/overlapped under the broad absorption 

band of O3. 
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8.3. Tropyl Radical and Cation 

 

The matrix isolation and spectroscopic characterization of bitropyl 7 in argon 

and amorphous water-ice matrices using IR, UV-vis spectroscopy was performed. The 

photochemistry of bitropyl 7 with lights of different wavelengths (LED lights in the 

range 650 - 365 nm, 254 nm UV light and 308 nm XeCl excimer Laser) were performed 

to generate the tropyl radical photochemically. However, photolysis of 7 with 254 nm 

light led to the formation of a rearranged product 1-(1,3,5-cycloheptatrienyl)-1,3,5-

cycloheptatriene 8 instead of the radical 7a in solid argon matrix at 3 K. 

Thus, attempts were now made to generate the radical 7a via thermolysis 

method. Different thermolysis ovens for the generation of tropyl radical 7a were used, 

out of which the oven with a diameter of 0.3 cm and length of 4 cm (thermolysis zone) 

was found to generate the radical 7a in high yields. Thus, tropyl radical 7a was 

generated by FVT of bitropyl 7 at 354 °C in argon, 1% CH2Cl2 doped argon and 

amorphous water-ice matrices at 3 K and its complete characterization using IR, UV-

vis and EPR spectroscopy was performed. The experimental spectrum of tropyl radical 

7a obtained was in good agreement with the calculated spectrum obtained at the 

B3LYP-D3/6-311++G(d,p) level of theory. Absence of any photochemistry of the 

radical 7a in argon and 1% CH2Cl2 doped argon matrices led to its isolation in 

amorphous water-ice matrix at 3 K. Photoirradiation of the tropyl radical in amorphous 

water-ice matrix at 10 K using 450 nm LED light led to the generation of the tropyl 

cation and it was characterized using IR and UV-vis spectroscopy. The experimentally 

obtained IR and UV-vis data were comparable with the literature and the calculated 

values obtained at the B3LYP-D3/6-311++G(d,p) level of theory. The simple symmetry 

of the tropyl cation 7b allows for its easy IR assignment due to the formation of only 
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three IR bands in the 1600-600 cm-1 region. The photoionization of the tropyl radical 

7a to generate the tropyl cation 7b in electron scavenger doped argon matrices was also 

attempted. The formation of the cation 7b was not observed in such matrices showing 

that the tropyl cation 7b forms exclusively in the amorphous water-ice matrix. The 

stability of 7b in amorphous water-ice matrix was investigated by annealing the 

amorphous water-ice matrix containing 7b to 120 K. 

Even at this temperature 7b was present in the matrix showing the high stability 

of 7b due to its aromaticity. 

The study of the reaction of the tropyl radical 7a with molecular oxygen 

produced the tropylperoxy radical 7.1. Only the stable conformer 7.1a was observed in 

the IR experimental spectrum. Irradiation of the tropylperoxy radical 7.1a with 405 nm 

gave the ring opening products only. 

8.4. Cyclopentadienyl Radical 

 

The generation of the cyclopentadienyl radical 11 by FVT of nickelocene at 800 

°C in argon matrix, 1% O2 doped argon matrix at 3 K and its complete characterization 

using IR, UV-vis and EPR spectroscopy was studied. Different thermolysis ovens for 

the generation of the cyclopentadienyl radical 11 were used, out of which the oven with 

a diameter of 0.8 cm and length 9 cm (thermolysis zone) was found to generate good 

yields of 11. 

Although the generation of the radical 11 was confirmed by comparing the 

spectrum with the literature,161 a complete assignment of all the unassigned bands was 

done using the high level calculations. The experimental IR spectrum of the radical 11 
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was compared with the calculated spectrum of allylic, dienylic and the conical 

intersection forms of 11. The reaction of the radical 11 with small molecules was also 

studied in detail.  

The reaction of the cyclopentadienyl radical 11 with oxygen led to the 

generation of the syn and anti-conformers of cyclopentadienyl peroxy radical 11.1 with 

the anti-conformer 11.1a being the exclusive product. The syn conformer 11.1b was 

then generated by irradiating the anti-conformer with light of wavelength 505 nm. The 

two conformers were interconvertible photolytically and thermally. Further irradiation 

of the peroxy radical 11.1 led to the formation of ring opening products. 

The reaction of the radical 11 with water was also attempted. The complexity of 

the spectrum due to the presence of the H2O complexes of side products made the 

assignment a bit skeptical. The experimental data is in good agreement with the 

calculated spectrum of the H2O∙∙∙∙radical complex. The water approaches the radical 11 

from above to form the complex. Irradiating the H2O∙∙∙∙radical complex led to the back 

formation of the free radical 11.
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9. Material and Methods 

9.1. Synthesis 

1,1,2,2-tetraphenylethane 4, pyrene 9 and nickelocene 10 were purchased from 

Sigma Aldrich and were used in the experiments without any further purification. 

Tropone 15, cycloheptatriene 16, p-toluenesulfonylhydrazine 17, 

diphenylcyclopropenone 18, oxalyl chloride 19 and LiAlH4 20 were used directly as 

obtained for the synthesis of Sodium salt of diphenylcyclopropenone 21, Lithium salt 

of tropyl tosylhydrazone 22 and bitropyl 7. Distilled or dried solvents were used for all 

the reactions as required by the synthesis. Thin layer chromatography (TLC) analyses 

were carried out using Polygram Sil G/UV254 silica gel pre-coated plates. Column 

chromatography was carried out using ICN silica 32-63 (60 Å). All the compounds were 

degassed several times before used for matrix experiments. 

9.2. Analytical Equipments 

NMR-Spectroscopy: NMR spectra were recorded on a Bruker DPX-200 (200.13 MHz: 
1H-NMR, and 50.3 MHz:13C-NMR) spectrometer. 

Mass spectrometer: Mass spectra were recorded on Varian MAT-CH5 spectrometer at 

70 eV EI. Characteristic peaks were given with their relative intensities. 

9.3. Matrix Isolation 

9.3.1. Apparatus 

The matrix isolation instrument has already been discussed and shown in Figure 

1.6. Matrix isolation experiments were performed by standard techniques using an APD 

CSW-202 closed cycle helium cryostat for cooling at 10 K and a Sumitomo CSW-71 

compressor and cold head for cooling up to 3 K. An oil diffusion pump in combination 

with a rotary vacuum pump was used for creating high vacuum in the head of the 

instrument. Another rotary vacuum pump was connected to the gas lines to provide a 

high vacuum and prevent contamination of gases. The spectroscopic windows (CsI for 

IR, Sapphire for UV-vis measurements) are connected to the copper framework of the 

cryostat and an indium wire was used to create thermal contact. The temperature of the 

window was regulated by a resistance heater and measured using silicon diode at the 

copper mounting plate using an Oxford ITC4 temperature controller. 
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At JPL, matrix isolation experiments were performed by standard techniques 

using a closed-cycle helium cryostat reaching 4.2 K named Himalaya (Sumitomo SHI 

closed-cycle-cryostat sold by Janis). The ultrahigh vacuum chamber containing the 

sapphire window onto which the sample with water vapor will be deposited is also 

equipped with a hydrogen microwave discharge lamp (Opthos Instruments), a UV-vis 

light source, UV detector, an IR light source, DTGS detector, and the sample tube. 

9.3.2. Deposition conditions 

Matrices were generated by co-deposition of the compound with a large excess 

of argon (Messer Griesheim, 99.99%) or water on top of a cold CsI (for IR 

measurements) window or quartz window (for UV-vis measurements) or O2 free copper 

Cu rod (for EPR measurements) with a flow rate of approximately 1.80 sccm depending 

on the deposition conditions for every experiment. The gas flow rate was controlled 

using MKS Mass-Flo mass flow controller with a MKS Type 247 Four Channel 

Readout apparatus. For IR spectroscopy, deposition of the desired sample by 

thermolysis was continued for 2-5 hours as a standard method whereas for UV-vis 

spectroscopy, the time duration was maintained between 15-30 minutes depending on 

the experiment. Volatile samples were deposited from a side arm in combination with a 

needle valve (Whitey) for controlling the sample flow rate. Non-volatile samples were 

sublimed by either using a furnace (Büchi oven) or a thermolysis cum sublimation oven. 

9.3.3. Flash Vacuum Thermolysis (FVT) 

Flash vacuum thermolysis (FVT) was carried out by slow deposition of 

precursors through an 8-9 cm quartz tube of a diameter of 0.8 cm for the experiments 

in chapters 2, 3 and 7 whereas an oven with 4 cm quartz tube of diameter 0.3 cm was 

used for experiments in Chapter 5 and 6. These quartz tubes are heated electrically with 

a tantalum wire. A sheet of tantalum metal is taped around the thermolysis zone to 

reduce the heat radiation outward. Also, the use of cooling units reduces the heat 

radiation during high temperature thermolysis. The temperature of the pyrolysis zone 

was measured using a PT100-sensor and direct contact with quartz surface was avoided 

by placing it in a careful way. The thermolysis oven is heated out at a temperature of at 

least 50° C above the optimized thermolysis temperature of the precursor to remove 

any unwanted products from the oven. 

For the experiments in Chapter 4, pyrene 9 was loaded onto a steel tube with a 

bypass for the CO2 and H2O flow. 9 thus sublimes at 35 °C (P vacuum chamber = 1.7 x 10-8 
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mbar) and is allowed to pass to the chamber with varying mixtures of CO2 and H2O 

((100% CO2, 0% H2O) to (0% CO2, 100% H2O)). The deposition rate of the water vapor 

(H2O) and carbon dioxide (CO2) was controlled by a fine metering valve.  

9.3.4. IR and UV spectrometer 

Matrix infrared spectra were recorded with Bruker IFS66 and IFS66s FTIR 

spectrometers with a standard resolution of 0.5 cm−1 using a liquid nitrogen cooled 

MCT detector in the range between 400 and 4000 cm-1. All the spectra in the range 

between 400-200 cm-1 were recorded by Bruker Vertex 70v vacuum FTIR spectrometer 

equipped with a FIR beam splitter and using a CsI window with a resolution of  

0.5 cm-1. Spectrometers were purged by dry air for avoiding CO2 and water from 

atmosphere. UV spectra were recorded using a Varian Cary 5000 UV-vis-NIR 

spectrophotometer. 

At JPL, UV–vis–NIR absorption spectra were measured with an Ocean Optics 

fiber optics CCD spectrometer (HR4000CGUV-NIR). A dual-lamp (deuterium and 

halogen) light source to cover 200-900 nm wavelength region (Mikropack, DH-2000-

BAL) was used for UV–vis spectroscopy. A CaF2 plano-convex lens was used to focus 

the UV–vis fiber optic light source onto the sample. Infrared spectra in the range 

between 1800 and 6000 cm−1 were recorded on FTIR spectrometers with 1 cm−1 

resolution. 

9.3.5. EPR spectrometer 

X-band CW EPR spectra were recorded with a Bruker ELEXSYS 500 X-band 

spectrometer. The Bruker XEPR 2.0 software was used to collect and control the system 

on an SGI 02 workstation. The EPR spectra were simulated using the Program XSophie 

from Bruker and easy spin software with MATLAB R2015b program.  

9.3.6. Light Sources 

Broadband irradiation with 280-400 nm light was carried out with mercury high-

pressure arc lamps (Ushio) in housings equipped with quartz optics and dichroic mirrors 

(L.O.T. Oriel). LED lights of different wavelength (650, 630, 617, 590, 530, 520, 505, 

470, 455, 450, 405, 395 and 365 nm) and energies (5 W and 3 W) were used to carry 

out experiments on photochemistry. Irradiation at 254 nm was carried out with a pen 

ray. Laser photolysis were accomplished with a Compex100 Excimer-Laser (Lambda 

Physik LPX 105 SD) for λ = 248 nm (Kr/F2) and for λ = 193 nm (Ar/F2) or Compex110 
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Excimer-Laser (Lambda Physik) for λ = 308 nm (XeCl). Irradiation with hydrogen 

microwave discharge lamp that not only emits Lyα (121.6 nm, 10.2 eV) primarily but 

also includes emission due to a broad molecular hydrogen peak near 160 nm Ar-

discharge lamp (105 nm cutoff, corresponding to 11.6 eV) was also used. 

9.3.7. Electron gun  

Kimball Physics electron gun system (ELG-2/EGPS-1022) was used for 

electron irradiation experiments. The electron gun can emit electrons with an electron 

energy range of 5 eV–2000 eV and is between 1 μA-5μA in emission current control 

mode. EGPS-1022 identifies the power supply to the electron gun labelled as ELG-2. 

The electron gun is placed at a distance of 20 mm from the spectroscopic window for 

maximum coverage of the beam on the spectroscopic window. For Electron Irradiation 

experiments, water vapor was allowed to co-deposit together with benzhydryl radical 

1a (produced by thermolysis of 1,1,2,2-tetraphenylethane 4 and electrons of various 

energy (10 eV-50 eV) from the electron gun into a high vacuum system containing a 

cold sapphire window. This was then followed by further irradiating the sample with 

electrons with an electron range of 100 eV-2000 eV and between 1 μA-5 μA in emission 

current control mode.
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10. Synthesis 

10.1. Sodium salt of Diphenylcyclopropenone 

The sodium salt of diphenylcyclopropenone 21 was prepared according to the 

standard literature procedure.171 

10.1.1. 2,3-diphenylcyclopropenone tosylhydrazonium chloride 

 

4.70 mL of a HCl solution (1.25 %) in absolute ethanol was added to 16.9 mL 

absolute ethanol under argon at 0 °C. 1.21 g (6.50 mmol) of p-toluenesulfonyl hydrazide 

were added to the solution and dissolved at room temperature. After the addition of 1.26 

g (6.11 mmol) 2,3-diphenylcyclopropenone, the solution was stirred at room 

temperature under argon for 2.5 hours and subsequently filtered. The white solid was 

dried and the solvent from the filtrate was removed in vacuum. The yellow residue was 

washed with pentane, dichloromethane and acetone, respectively. After drying the 

substance, the obtained white powder was combined with the solid obtained after the 

filtration. 2.32 g (5.65 mmol, 92 % yield) of a white powder was obtained. 

1H NMR (200 MHz, CDCl3): δ = 2.36 ppm (3 H, s, methyl H), 7.36 (2 H, d, J = 8.05 

Hz, aromatic H), 7.74 (6 H, m, aromatic H), 7.89 (2 H, d, J = 8.47 Hz, aromatic H), 

8.31 (2 H, dd, J = 1.71 Hz, 9.45 Hz, aromatic H), 8.48 (2 H, dd, J = 1.83 Hz, 9.57 Hz, 

aromatic H). 

Melting Point: 206.3 °C – 207.5 °C (Lit. 206 °C – 209 °C).171 
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10.1.2. 2,3-diphenylcyclopropenone tosylhydrazone 

 

To 1.05 g (2.56 mmol) 2,3-diphenycyclopropenone tosylhydrazonium chloride, 

27.0 mL of a sodium bicarbonate solution (10 %) was added and the yellow slurry was 

stirred at room temperature for one hour. The mixture was filtered and the light-yellow 

solid was washed with water and dried in vacuum. Subsequent recrystallization 

(pentane/THF 1:1) at 55 °C, washing of the obtained substance with pentane and drying 

yielded the product as an almost white powder. 647 mg (1.73 mmol, 68 % yield) of a 

white-yellow powder was obtained. 

1H NMR (200 MHz, CDCl3): δ = 2.42 ppm (3 H, s, methyl H), 7.33 (2 H, d, J = 8.16 

Hz, aromatic H), 7.60 (6 H, m, aromatic H), 7.82 (2 H, d, J = 8.29 Hz, aromatic H), 

7.93 (2 H, dd, J = 2.26 Hz, 9.72 Hz, aromatic H), 8.20 (2 H, dd, J = 2.01 Hz, 9.72 Hz, 

aromatic H). 

1H NMR (250 MHz, DMSO-d6): δ = 2.40 ppm (3 H, s, methyl H), 7.42 (2 H, d, J = 

8.02 Hz, aromatic H), 7.70 (8 H, m, aromatic H), 7.93 (2 H, dd, J = 2.99 Hz, 9.02 Hz, 

aromatic H), 8.22 (2 H, dd, J = 1.87 Hz, 9.23 Hz, aromatic H), 9.56 (1 H, s, N-H). 

FAB-MS: m/z = 191.1, 219.1, 375.1 (target product). 

Melting Point: 143.9 °C – 144.7 °C (Lit. 145 °C – 148 °C and 157.5 °C). 

Elementary Analysis: Calculated: C = 70.5 %, H = 4.82 %, N = 7.49 %, S = 8.56 % 

Found: C = 69.8 %, H = 5.33 %, N = 7.27 %, S = 8.34 % 

10.1.3. Sodium salt of 2,3-diphenycyclopropenone tosylhydrazone 
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158 mg (6.59 mmol) sodium hydride were washed twice with 10.0 mL dry 

pentane. 23.0 mL dry THF were added at 0 °C and the mixture was stirred at the same 

temperature for 10 minutes. After the addition of 454 mg (1.21 mmol) 2,3-

diphenylcyclopropenone tosylhydrazone the solution was stirred at 0 °C under argon 

for 1.5 hours. Subsequent removal of the solvent and drying in vacuum yielded the 

sodium salt as a dark red, moisture sensitive solid. 450 mg (1.14 mmol, 94 % yield) of 

a dark red solid was obtained. 

1H NMR (200 MHz, DMSO-d6): δ = 2.25 ppm (3 H, s, methyl H), 7.10 (2 H, d, J = 

8.09 Hz, aromatic H), 7.58 (8 H, m, aromatic H), 7.87 (2 H, dd, J = 1.67 Hz, 9.58 Hz, 

aromatic H), 8.24 (2 H, dd, J = 1.59 Hz, 9.66 Hz, aromatic H). 

FAB-MS: m/z = 176.0, 200.9, 216.9, 397.9 (target product). 

10.2. Lithium Salt of Tropone Tosylhydrazone 

The lithium salt of tropone tosylhydrazone 22 was prepared according to the 

standard literature procedure.172-174 

10.2.1. Synthesis of 1,1-dichlorocycloheptatriene 

 

To a solution of tropone (1.06 g, 10.0 mmol) in dry dichloromethane (10 mL), 

oxalyl chloride (1.27 g, 10.0 mmol) was added dropwise and the reaction mixture was 

continuously stirred at RT  until gas emission ceased. This solution was concentrated 

under reduced pressure to yield a dark yellow solid. The solid was recrystallized from 

hexanes/dichloromethane to produce 10.3 compound as a light yellow solid (1.00 g yield). 

1H NMR (200 MHz, CDCl3): δ = 6.57 – 6.43 (m, 2H), 6.28 – 6.09 (m, 2H), 6.00 (dt, J 

= 6.7, 3.7 Hz, 2H). 

13C NMR (100 MHz, CDCl3): δ =159.3, 134.7, 120.4, 111.2. 
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10.2.2. 2,4,6-cycloheptatrienone p-toluenesulfonylhydrazone hydrochloride 

 

To a solution of 450 mg (2.42 mmol) of p-toluenesulfonylhydrazine in 5 ml 

of absolute ethanol, a solution of 304 mg (2.45 mmol) of 1,1-dichlorocycloheptatriene 

in 5 ml of absolute ethanol was added rapidly. The dark red solution was rapidly 

stirred at room temperature for 30 minutes. The yellow solid which was formed was 

filtered, washed with ether, and dried in vacuo to give 500 mg of the desired salt. 

1H NMR (D2O): δ = 8.24-7.22 (complex multiplet, 10H), 2.46(s, 3H) 

10.2.3. 2,4,6-cycloheptatrienone p-toluenesulfonylhydrazone 

 

To a vigorously stirred mixture of 50 ml of 10% aqueous NaHCO3 solution 

and 25 ml of dichloromethane was added 1.00 g (3.22 mmol) of the hydrochloride 

salt. After 15 minutes, gas evolution had ceased and the two layers were separated. 

The aqueous layer was washed twice with 10-ml portions of dichloromethane. The 

organic fractions were combined, dried over magnesium sulfate, and concentrated 

under reduced pressure to give the p-toluenesulfonylhydrazone as a dark red solid. 

Recrystallization from benzene-pentane afforded 800 mg of the free hydrazone. 

1H NMR (200 MHz, DMSO-d6): δ = 10.29 (s, 1H), 7.71 (d, J = 8.2 Hz, 2H), 7.37 (d, J = 

8.1 Hz, 2H), 6.64 – 6.31 (m, 2H), 6.25 (d, J = 7.0 Hz, 4H), 2.37 (s, 3H). 
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10.2.4. Lithium salt of tropone tosylhydrazone 

 

A solution of 800 mg (3.65 mmol) tropone tosylhydrazone in 10 mL dry THF 

was cooled to -78 °C under N2 and treated with 1.2 mL (3.8 mmol) 3.15 M n-

BuLi/hexane. After stirring at -78 °C for 15 minutes, the solution was allowed to warm 

up to room temperature. Pouring the reaction mixture into 100 mL petroleum ether 

resulted in the formation of a gummy, green precipitate. The green color gave way to a 

tan color upon swirling the flask for several minutes, or upon isolation of the precipitate 

by suction filtration. The tan solid was dried in vacuo, and crushed to a fine powder 

with a spatula (yield = ~100%). 

1H NMR (200 MHz, DMSO-d6): δ = 7.71 (d, J = 8.2 Hz, 2H), 7.37 (d, J = 8.1 Hz, 2H), 

6.64 – 6.31 (m, 2H), 6.25 (d, J = 7.0 Hz, 4H), 2.37 (s, 3H). 

10.3. Bitropyl 

Bitropyl 7 was synthesized according to the literature procedure.175 The 

synthesized pure sample was obtained from Dr. Pritam Eknath Kadam. 
1H NMR (200 MHz, CDCl3) δ = 6.82 – 6.60 (m, 2H), 6.29 (dddd, J = 9.0, 3.8, 2.6, 1.1 

Hz, 2H), 5.44 – 5.18 (m, 2H), 1.98 (ddt, J = 4.2, 2.9, 1.6 Hz, 1H). 

13C NMR (50 MHz, CDCl3) δ = 131.15, 125.83, 125.13, 42.18.
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11. Optimised Geometries 

11.1. Cartesian coordinates of the optimized structure of benzhydryl radical 1a 

calculated at the B3LYP-D3/6-311++G(d,p) level of theory. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atomic 

symbol 
X Y Z 

C 0.39621300 1.55557500 -0.88638900 

C 0.00000000 1.29832800 0.45100400 

C -0.36591400 2.41880800 1.24213200 

C -0.38106400 3.70196400 0.71870800 

C -0.01242900 3.92578900 -0.61132100 

C 0.38586900 2.84437400 -1.40125500 

H 0.75841000 0.74374800 -1.50245900 

H -0.65356100 2.25693300 2.27584900 

H -0.67802700 4.53496800 1.34636000 

H -0.02088900 4.92926500 -1.02071800 

H 0.70517800 3.01213500 -2.42412700 

C 0.00000000 0.00000000 1.05838500 

C -0.38586900 -2.84437400 -1.40125500 

C 0.01242900 -3.92578900 -0.61132100 

C 0.38106400 -3.70196400 0.71870800 

C 0.36591400 -2.41880800 1.24213200 

C 0.00000000 -1.29832800 0.45100400 

C -0.39621300 -1.55557500 -0.88638900 

H -0.70517800 -3.01213500 -2.42412700 

H 0.02088900 -4.92926500 -1.02071800 

H 0.67802700 -4.53496800 1.34636000 

H 0.65356100 -2.25693300 2.27584900 

H -0.75841000 -0.74374800 -1.50245900 

H 0.00000000 0.00000000 2.14533900 

E = -501.926201, ZPE = 0.196011 
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11.2. Cartesian coordinates of the optimized structure of benzhydryl cation 2a 

calculated at the B3LYP-D3/6311++G(d,p).level of theory. 

 

Atomic 

symbol 
X Y Z 

C 0.38227500 1.54618400 -0.91244400 

C 0.00000000 1.28612200 0.43427500 

C -0.37350300 2.38396900 1.26204500 

C -0.44537200 3.66285400 0.74416800 

C -0.09576200 3.88711400 -0.59208500 

C 0.33358200 2.83236800 -1.41084000 

H 0.77636000 0.74791600 -1.52610800 

H -0.63323400 2.20253800 2.29904000 

H -0.75544400 4.48922800 1.37131900 

H -0.13155500 4.89361300 -0.99318100 

H 0.64692000 3.03272500 -2.42791600 

C 0.00000000 0.00000000 1.02336200 

C -0.33358200 -2.83236800 -1.41084000 

C 0.09576200 -3.88711400 -0.59208500 

C 0.44537200 -3.66285400 0.74416800 

C 0.37350300 -2.38396900 1.26204500 

C 0.00000000 -1.28612200 0.43427500 

C -0.38227500 -1.54618400 -0.91244400 

H -0.64692000 -3.03272500 -2.42791600 

H 0.13155500 -4.89361300 -0.99318100 

H 0.75544400 -4.48922800 1.37131900 

H 0.63323400 -2.20253800 2.29904000 

H -0.77636000 -0.74791600 -1.52610800 

H 0.00000000 0.00000000 2.11209100 

E = -501.688580, ZPE = 0.198650 

 

11.3. Cartesian coordinates of the optimized structure of CH2Cl2 (dichloromethane) 

calculated at the B3LYP-D3/6311++G (d,p) level of theory. 
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Atomic 

symbol 
X Y Z 

C 0.00000000 0.00000000 0.76929200 

H 0.89919300 0.00000000 1.37697200 

Cl 0.00000000 1.49820300 -0.21675600 

Cl 0.00000000 -1.49820300 -0.21675600 

H -0.89919300 0.00000000 1.37697200 

E = -959.740808, ZPE = 0.029193 

 

11.4. Cartesian coordinates of the optimized structure of CH2Cl (chloromethyl) radical 

calculated at the B3LYP-D3/6-311++G(d,p) level of theory. 

 

Atomic 

symbol 
X Y Z 

C 0.00000000 0.00000000 -1.12643700 

H 0.00000000 0.95557700 -1.62647700 

H 0.00000000 -0.95557700 -1.62647700 

Cl 0.00000000 0.00000000 0.58891600 

E = -499.459994, ZPE = 0.022570. 
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11.5. Cartesian coordinates of the optimized structure of 1,1,2,2-tetraphenylethane 4 

calculated at the B3LYP-D3/6-311++G(d,p) level of theory. 

 

Atomic 

symbol 
X Y Z 

C 0.36551900 0.49036200 -0.91569300 

C 2.19546800 -0.49851200 -2.33035100 

C 1.84740100 0.19741500 -1.16352500 

C 2.87195700 0.55756900 -0.28544000 

C 4.19780600 0.21267100 -0.55161700 

C 4.52632900 -0.49416000 -1.70493600 

C 3.51569400 -0.84480100 -2.60080200 

H 1.41839900 -0.77342100 -3.03758400 

H 2.64435500 1.11342600 0.61369800 

H 4.97446100 0.50082700 0.14835100 

H 5.55687100 -0.76084500 -1.91046200 

H 3.75665500 -1.38202500 -3.51157200 

C 0.11398000 1.69790600 -0.02707800 

C 0.31516200 1.69412400 1.35990900 

C 0.06064000 2.83287700 2.12289800 

C -0.39224800 4.00303700 1.51690400 

C -0.58425200 4.02620300 0.13655200 

C -0.33284500 2.88495500 -0.62119600 

H 0.66181700 0.79807800 1.85460600 

H 0.21745300 2.80167300 3.19554400 

H -0.59097700 4.88689800 2.11260000 

H -0.93403100 4.92978700 -0.35045900 

H -0.49847700 2.91033900 -1.69333300 

C -0.41599300 -0.84245800 -0.54573300 

C -4.64592100 -0.68623200 -1.50933500 

C -4.08380500 0.31514900 -0.71993100 

C -2.72756100 0.28418500 -0.39850000 

C -1.90229000 -0.74863000 -0.86282400 

C -2.48261500 -1.74751800 -1.65388000 

C -3.83813800 -1.72151900 -1.97565100 

H -5.70080000 -0.65995300 -1.75848700 

H -4.70145100 1.12631200 -0.35006000 
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H -2.31424600 1.07143900 0.21697300 

H -1.86337500 -2.56012600 -2.02101400 

H -4.26085800 -2.50816800 -2.59096900 

C 1.46199700 -2.55750500 2.30232300 

C 0.57416900 -2.44033400 3.37115800 

C -0.66080300 -1.82858200 3.16724200 

C -0.99894900 -1.32370200 1.91239600 

C -0.10860100 -1.41314700 0.83719500 

C 1.11965400 -2.05581600 1.04910100 

H 2.42074600 -3.04505300 2.44096800 

H 0.83720800 -2.83254600 4.34719700 

H -1.36772400 -1.74459700 3.98544700 

H -1.96458000 -0.85524400 1.77524100 

H 1.81835600 -2.15699100 0.22725300 

H -0.04503200 0.75217200 -1.89580000 

H -0.01529100 -1.57320600 -1.25324900 

E = -1003.918244, ZPE = 0.399801 

 

11.6. Cartesian coordinates of the optimized structure of tropyl cation 7b calculated at 

the B3LYP-D3/6-311++G(d,p) level of theory. 

 
 

Atomic 

Symbol 
X Y Z 

C 0.00000000 -1.44977000 0.69817300 

C 0.00000000 -1.44977000 -0.69817300 

C 0.00000000 -0.35806500 -1.56879600 

C 0.00000000 -0.35806500 1.56879600 

C 0.00000000 1.00327400 -1.25807700 

C 0.00000000 1.00327400 1.25807700 

C 0.00000000 1.60912300 0.00000000 

H 0.00000000 -2.42797700 1.16923500 

H 0.00000000 -2.42797700 -1.16923500 

H 0.00000000 -0.59966600 -2.62729500 

H 0.00000000 -0.59966600 2.62729500 

H 0.00000000 1.68021800 -2.10691900 

H 0.00000000 1.68021800 2.10691900 

H 0.00000100 2.69484400 0.00000000 

E = -270.629404, ZPE = 0.118502 
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11.7. Cartesian coordinates of the optimized structure of bitropyl 7 calculated at the 

B3LYP-D3/6-311++G(d,p) level of theory. 

 

Atomic 

symbol 
X Y Z 

C -2.30716600 -0.68066100 -1.43867800 

C -2.30716400 0.68066300 -1.43867500 

C -2.28022800 1.52724800 -0.27008600 

C -2.28023800 -1.52724400 -0.27008600 

C -1.76396600 1.22408500 0.94013900 

C -1.76397600 -1.22407800 0.94014000 

C -0.92431300 -0.00000100 1.23186500 

H -2.46024100 -1.18019000 -2.39122500 

H -2.46023700 1.18019600 -2.39122200 

H -2.75658700 2.49843000 -0.38169800 

H -2.75660200 -2.49842400 -0.38169400 

H -1.93082500 1.91886500 1.75812100 

H -1.93084200 -1.91885600 1.75812200 

H -0.68604300 -0.00000300 2.30084100 

C 0.42416700 -0.00000500 0.46985700 

C 1.26804900 -1.20838200 0.78848700 

C 1.26804900 1.20837300 0.78849100 

C 2.36378600 -1.52374100 0.06685300 

H 0.96314800 -1.84858600 1.61229600 

C 2.36378300 1.52373900 0.06685900 

H 0.96314200 1.84856700 1.61230400 

C 2.96442800 -0.68228400 -0.94222300 

H 2.86446700 -2.46755100 0.26875300 

C 2.96442800 0.68228900 -0.94222200 

H 2.86446000 2.46755100 0.26876100 

H 3.58238500 -1.17981200 -1.68517200 

H 3.58238300 1.17982000 -1.68516900 

H 0.22355700 -0.00000700 -0.60734200 

E = -541.749893, ZPE = 0.235941 
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11.8. Cartesian coordinates of the optimized structure of tropyl radical 7a calculated at 

the B3LYP-D3/6-311++G(d,p) level of theory. 

 

Atomic 

symbol 
X Y Z 

C 0.00000800 1.46867900 -0.67954500 

C 0.00000800 1.46867900 0.67954500 

C -0.00000400 0.34087800 1.58755300 

C -0.00000400 0.34087800 -1.58755300 

C -0.00000400 -0.99690900 1.26720600 

C -0.00000400 -0.99690900 -1.26720600 

C -0.00000100 -1.62525800 0.00000000 

H 0.00001800 2.44327600 -1.15988600 

H 0.00001800 2.44327600 1.15988600 

H -0.00000800 0.59000100 2.64341500 

H -0.00000800 0.59000100 -2.64341500 

H -0.00000600 -1.67870800 2.11488500 

H -0.00000600 -1.67870800 -2.11488500 

H 0.00000100 -2.70936300 0.00000000 

E = -270.856535, Z = 0.112116 

 

11.9. Cartesian coordinates of the optimized structure of tropylperoxy radical 7.1a 

calculated at the B3LYP-D3/6-311++G(d,p) level of theory. 

 

Atomic 

Symbol 
X Y Z 

C -1.54424700 1.10287100 -0.50282600 

C -1.89335700 -0.19789600 -0.70477200 

C -1.39855500 -1.34101500 0.01216400 
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C -0.60659300 1.59874700 0.46658300 

C -0.23306100 -1.45373100 0.68993000 

C 0.41121000 0.92694100 1.05033400 

C 0.85875100 -0.44341500 0.66464600 

H -2.09962900 1.85546400 -1.05449700 

H -2.70083600 -0.39091000 -1.40464600 

H -2.04766100 -2.21298300 0.00673300 

H -0.73829600 2.63764000 0.75778400 

H -0.03529900 -2.36905700 1.23722200 

H 0.99455100 1.42618400 1.81574300 

H 1.69981500 -0.75735200 1.28207600 

O 1.41790500 -0.45016800 -0.74690900 

O 2.50240300 0.28216800 -0.84018700 

E = -421.227349, ZPE = 0.123407 

 

11.10. Cartesian coordinates of the optimized structure of syn conformer 11.1b of 

cyclopentadienylperoxy radical calculated at the UB3LYP/6-311++G(d,p) level of 

theory. 

 

 

 

 

 

 

 

 

 

 

Atomic 

symbol 
X Y Z 

C -0.29543600 0.00000800 -0.72917300 

H -0.35786100 0.00001500 -1.82469000 

C 0.49998000 1.18995000 -0.24691600 

H 0.18679800 2.21389000 -0.38994300 

C 1.63612300 0.74027700 0.30452600 

H 2.43955100 1.34935000 0.69767300 

C 0.49997200 -1.18994600 -0.24692800 

H 0.18680000 -2.21388700 -0.38997300 

C 1.63611700 -0.74028600 0.30452000 

H 2.43953300 -1.34937100 0.69767400 

O -1.71042900 0.00000600 -0.34763200 

O -1.88399100 -0.00000800 0.95926800 

E = -343.810872, ZPE = 0.088249 
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11.11. Cartesian coordinates of the optimized structure of anti-cyclopentadienylperoxy 

radical 11.1a calculated at the UB3LYP/6-311++G(d,p) level of theory. 

 
 

Atomic 

symbol 
X Y Z 

C -0.38162500 1.15506500 0.13520300 

H 0.13048600 2.10390700 0.19725600 

C -1.67262500 0.91971100 -0.14140700 

H -2.42991000 1.66576400 -0.34398900 

C -0.77971400 -1.18940200 0.13826400 

H -0.62100600 -2.25554500 0.20811400 

C -1.92082900 -0.53996600 -0.13742800 

H -2.88354900 -0.99512900 -0.32998600 

C 0.29349000 -0.16760300 0.41300900 

O 1.46313100 -0.40867900 -0.44113400 

O 2.52667100 0.23814800 -0.01184500 

H 0.65338700 -0.22158600 1.44659400 

E = -343.812867, ZPE = 0.088237 

11.12. Cartesian coordinates of the optimized structure of the water complex of 

cyclopentadienyl radical at the side position calculated at the UM062X/6-311++G(d,p) 

level of theory. 

 
 

Atomic 

symbol 
X Y Z 

C 0.00000000 0.14983900 0.00000000 

C 1.07978800 -0.79742000 0.00000000 

C 0.52841500 -2.04593900 0.00000000 

C -0.94070300 -1.90395100 0.00000000 

C -1.24219900 -0.57355600 0.00000000 

H 0.10419500 1.22748700 0.00000000 
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H 2.13010200 -0.54972600 0.00000000 

H 1.05788000 -2.98838200 0.00000000 

H -1.64081100 -2.72754400 0.00000000 

H -2.22515800 -0.12831100 0.00000000 

O 0.36083800 3.51070400 0.00000000 

H 0.56763700 4.05350700 0.76381000 

H 0.56763700 4.05350700 -0.76381000 

E = -269.741719, ZPE = 0.102457 

 

11.13. Cartesian coordinates of the optimized structure of the water complex of 

cyclopentadienyl radical with H2O on the top position calculated at the UM062X/6-

311++G(d,p) level of theory. 

 
 

Atomic 

symbol 
X Y Z 

C -0.67365800 0.95565700 0.73802300 

C -0.67365800 0.95565700 -0.73802300 

C -0.67365800 -0.34101200 -1.16818000 

C -0.67606000 -1.17661200 0.00000000 

C -0.67365800 -0.34101200 1.16818000 

H -0.67775300 1.84325100 1.35465400 

H -0.67775300 1.84325100 -1.35465400 

H -0.68349900 -0.68956200 -2.18952000 

H -0.68010300 -2.25777800 0.00000000 

H -0.68349900 -0.68956200 2.18952000 

H 1.88686700 0.00258500 0.75387100 

O 2.48162700 -0.04635400 0.00000000 

H 1.88686700 0.00258500 -0.75387100 

E = -269.745666, ZPE = 0.103069 
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