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This dissertation describes the use of organic nanocrystalline suspensions for the 

investigation of solid-state photochemical reaction mechanisms, the elucidation of fundamental 

properties of photochemical intermediates embedded within the crystal lattice, and a novel study 

of size-dependent photosalience in crystals of a compound subject to a solid state [2+2] 

photocycloaddition reaction. To perform these studies, the nanocrystalline suspensions formed 

from rapid precipitation of crystalline material via the addition of water-miscible solutions of the 

compound of interest to water or dilute surfactant solution uniquely enabled the use of 

transmission spectroscopy methods such as laser flash photolysis in order to gain detailed 
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information about photochemical intermediates and the kinetics of solid-state reactions. In 

addition, the relatively new method of microcrystal electron diffraction was utilized for the first 

report of crystal structures solved before and after a single-crystal-to-single-crystal reaction in a 

single microcrystal specimen.  

Chapter One is a brief overview of the history of organic solid-state photochemistry, 

highlighting key advancements over many decades. A particular focus will be applied to the 

more recent advancements that have enabled various forms of solid-state photochemical 

mechanistic analysis, especially the use of nanocrystalline suspensions for transmission 

spectroscopy. 

Chapter Two describes a series of adamantylacetophenone compounds which serve as 

scaffolds for competitive -Hydrogen abstraction from multiple sites leading to the formation of 

divergent Norrish-Yang cyclization products. This work offered new insight into the nature of 

Norrish Type II reaction selectivity through a combination of laser flash photolysis, 

photoproduct determination, and other mechanistic analysis techniques in both solution and 

solid-state samples. It showed that the reaction selectivity is governed not only by the geometric 

parameters of the parent ketones, but also on varying C-H bond dissociation energies, and the 

steric parameters and lifetimes of biradical intermediates. 

Chapters Three and Four focus on the exceptional lifetimes of acyl-alkyl radical pair 

intermediates generated in crystals of diphenylmethyl- and triphenylmethyl-containing ketones, 

respectively. Diphenylmethyl ketones with various -adamantyl substituents were shown to be 

photostable with respect to decarbonylation, but still generated acyl-alkyl radical pairs which had 

triplet lifetimes an order of magnitude longer than those of any analogous radical pair or 

biradical previously reported. Upon this discovery, a series of triphenylmethyl ketones were 
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synthesized in hopes of further extending this lifetime such that crystals of these compounds 

might serve as a promising platform for the generation of qubit pairs with correlation lifetimes 

on the millisecond scale. A subset of the triphenylmethyl ketones were photostable and displayed 

triplet radical pair lifetimes up to >4 ms by leveraging the stability of the iconic Gomberg 

radical. 

Chapter Five introduces preliminary results related to the effect of an external magnetic 

field on the lifetimes of radical pairs and biradicals in solution and the crystalline solid state. A 

macrocyclic ketone was used to generate an acyl-alkyl biradical tethered by a flexible aliphatic 

chain. In solution, this biradical has much greater conformational freedom than when it is 

embedded within a crystal lattice. This has a substantial effect on the singlet-triplet gap, as was 

shown by laser flash photolysis experiments under varying external magnetic field strengths. 

Chapter Six describes the discovery of a size-dependent threshold for the observation of 

photosalience in crystals that facilitate a [2+2] photocycloaddition reaction upon ultraviolet 

irradiation. Microcrystal electron diffraction was used to establish that the expected single-

crystal-to-single-crystal reaction still occurs in small microcrystals, while transmission electron 

microscopy showed that they do not exhibit photosalience below a particular size. This novel 

discovery has potentially significant implications for the deployment of these types of crystals 

for use as nano- and micromechanical actuators controlled by external stimulus. 
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CHAPTER ONE 

 

Solid-State Organic Photochemistry and  

Transmission Spectroscopy in Nanocrystalline Suspensions 

 

1.1 Introduction 

 Photochemical reactions occupy a unique niche in organic chemistry due to the nature of 

the reaction components and the exotic energetic landscape inhabited by photochemical 

intermediates. While most reactions proceed through a sequence of bimolecular interactions 

involving multiple chemical species, photochemical reactions are often unimolecular processes 

mediated by an electromagnetic field. The electronic excitation produced by the absorption of a 

photon yields a species with far greater energy than intermediates found in typical thermal 

reactions. This can offer significant opportunities to forge new bonding arrangements that may 

be difficult to access via alternative methods. However, these high-energy intermediates are also 

often prone to nonspecific, undesired reactivity if a strategy to control them is not employed. 

One such strategy is to conduct photochemical reactions in the crystalline solid state, which has 

been shown to have advantages for chemo- and stereoselectivity in multiple contexts. As 

mentioned above, many photochemical reactions are unimolecular processes, which enables the 

use of pure molecular crystals as a medium for these reactions. As the reaction proceeds, the 

crystal lattice serves as a steric cage for the high energy intermediates which is able to guide the 

reactivity and prevent or reduce the yield of side products.  

 This Chapter will serve as a brief overview of key advancements in organic solid-state 

photochemistry, with a particular focus on experiments that elucidate details of photochemical 
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reaction mechanisms in the solid state. This will culminate in a discussion of the development of 

methods for the preparation of aqueous nanocrystalline suspensions and how they have enabled 

standard spectroscopic methods to be applied to mechanistic investigations of these chemical 

processes. 

 

1.2 Discovery of Solid-State Photochemistry and Photosalience 

 Organic solid-state photochemistry is nearly as old as organic chemistry itself. Only six 

years after the Wöhler urea synthesis,1 Trommsdorff described experiments in which he exposed 

crystals of -santonin to sunlight.2 Although the details of the reaction would not be determined 

for many years, he happened to have discovered a solid-state reaction with several rare and 

interesting features. First, the product formed in the solid state is a dimer of -santonin (Scheme 

1.1), a product that is not observed when the reaction is conducted in the solution phase.3,4 

Second, this dimerization occurs as a single-crystal-to-single-crystal (SCSC) reaction, meaning 

that the photoproduct forms in a crystalline phase with similar unit cell parameters as the reactant 

crystal.5  

Scheme 1.1. Solid-state photochemical reaction of -santonin. 

 

 

Trommsdorff also noted that many of the crystals would explode upon exposure to 

sunlight. He had made not only the first discovery of a solid-state photochemical reaction, but 

also the first observation of what is now termed a photosalient effect. Photosalience is a term 
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which refers to a macroscopic motion of a crystal that occurs upon photoirradiation. The 

fundamental nature of this effect is explored in greater detail in Chapter Six. 

 

1.3 X-Ray Diffraction and the Topochemical Postulate 

 Prior to the development of X-ray diffractometers, the investigation of solid-state 

reactions was largely limited to product analysis experiments and observations of physical 

changes to crystals such as color changes or photosalient effects, either by the naked eye or in 

conjunction with optical microscopy. Once the first single-crystal structure was solved, a new era 

of solid-state photochemistry had begun in which chemical reactivity could be correlated to 

precise atomic positions and molecular conformations in crystals.  

 The concept of diffraction, the process by which a wave interacting with a regular array 

of objects produces a scattering pattern which can be correlated to the arrangement of the 

objects, was first proposed by Francesco Maria Grimaldi in 1665.6 However, the ability to 

deploy this theory for the determination of molecular structure in crystals would require the use 

X-rays due to the parity between their wavelength and the distances between molecules in a 

crystal. Following Wilhelm Röntgen’s discovery of X-rays in 1895, experiments by Arnold 

Sommerfeld established that the wavelength of this new form of electromagnetic irradiation was 

approximately 1 angstrom. Then, in 1912, a team led by Max von Laue produced the first X-ray 

diffraction pattern using an X-ray beam transmitted through a copper sulfate crystal.7 The pattern 

enabled accurate determination of the unit cell size and orientation, earning Max von Laue the 

Nobel Prize in Physics in 1914. 

 The first single-crystal structure of an organic small molecule was solved using X-ray 

diffraction on a crystal of hexamethylene-tetramine in 1923.8 Notably, this was a rather rare 
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organic crystal which possessed cubic symmetry, enabling the crystal structure to be solved 

much more easily than structures of compounds that crystallize in the vastly more common 

triclinic or monoclinic space groups. While this report surely sparked interest amongst organic 

chemists to utilize this new technique, it’s routine deployment would be hampered for decades 

due to the difficulty of solving crystal structures without modern computer-assisted techniques. 

 While the early decades of small molecule crystallography enabled determination of 

structural parameters of molecules with unprecedented detail, this information was not leveraged 

to develop a theory of how the crystalline solid state affected the reactivity of photochemically 

active molecules. In fact, initial theories of the unique nature of solid-state chemical reactions 

focused on the nature of crystal lattice defects and the role they might play in guiding 

photochemical reactivity.9,10 In 1964, a series of papers from Cohen and Schmidt introduced a 

new paradigm for the analysis of solid-state chemical reactions, including solid-state 

photochemical reactions.11–13 What would eventually become known as the topochemical 

postulate was their assertion that reactions which occur in crystalline solids should proceed with 

a minimum amount of atomic or molecular movement. In this theory, the crystal lattice may be 

thought of as a less specific version of an enzyme active site, where ground-state molecules 

surrounding a photoexcited molecule or photochemical intermediate are able to exert steric and, 

in some cases, electronic influence. In a typical crystal, limited free volume in the lattice would 

tend to prevent significant reorganization of the lattice as opposed to the photochemical 

intermediate being forced to occupy the same volume defined by the reactant molecule. These 

initial reports substantiated this theory with examples of the photochemistry of trans-cinnamic 

acid derivatives, which exhibited photoproduct distributions which could only be explained by 

an analysis of crystal structure data that was informed by the topochemical postulate.  
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Since 1964, further advancement in the field showed that the topochemical postulate was 

not universally predictive,14 but countless reports of solid-state photochemical reactions have 

utilized this theory as a key element in their interpretive framework, and it remains one of the 

principle factors to consider when utilizing crystal structure data to predict photochemical 

reactivity.  

In addition, following the development of the topochemical postulate, it was quickly 

understood that if the crystal structure guides particular photochemical outcomes, then it should 

be possible to obtain a desired photoproduct by engineering a crystal lattice environment which 

would place the photoactive species in the appropriate conformation. This concept gave rise to 

the strategy of crystal engineering, in which minor modifications to a chemical structure are 

made in an attempt to change the molecular conformation or packing in the crystal lattice, either 

to engender a particular material property to the crystal or influence the reactivity of molecules 

in the lattice. There are many examples in which crystal engineering was conducted in a targeted 

manner through substitution of molecules with particular atoms or groups, such as sulfur 

substitution for S-S interactions,15,16 hydrogen bonding via carboxylic acid substitution,17 and 

addition of bulky aromatic substituents to prevent intermolecular cyclization in a layered 

aromatic crystal.18 While these are intriguing examples that show success with crystal 

engineering done in a logical manner, it is worth noting that each of them represents an ad hoc 

approach in a relatively simple chemical system with predictable crystallization patterns.  

In general, predicting crystal packing and molecular conformation in crystals is quite 

difficult. Although many molecules adopt a conformation in the crystal lattice similar to their 

lowest energy conformation (which can be easily calculated), this is not guaranteed, and minor 

changes in this conformation could have significant consequences for reactivity. This often 
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forces crystal engineering to be performed in a more empirical manner. This may seem less 

elegant than being able to force a particular crystal packing by design, but there might be no 

other choice given the lack of general predictive framework for crystal structures of any given 

molecule.19 Despite these challenges, an empirical approach to crystal engineering can still be 

successful. A recent example from Dotson et al. showcases drastic changes in the conformation 

of an intermediate in the synthesis of the complex natural product Psychotriadine upon 

substitution with various amide protecting groups.20 This intermediate is subject to a solid-state 

photodecarbonylation reaction which forges the key C-C bond between the vicinal quaternary 

stereocenters at the core of the natural product. It was shown that the success of this reaction is 

contingent upon a particular molecular conformation in which the aromatic groups are able to 

stabilize the radical centers formed following the loss of carbon monoxide (as shown in Figure 

1.1). This solid-state reaction was optimized by extensive chemical modification of the substrate 

in conjunction with X-ray crystallographic analysis.  

Figure 1.1. Polymorph-dependent photodecarbonylation resulting from different molecular 

conformations in the crystal. 
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In sum, X-ray crystallography and the topochemical postulate remain a cornerstone in 

solid-state photochemical research. The ability to determine molecular conformation and crystal 

packing with sub-angstrom accuracy via X-ray crystallography gives the solid-state chemist an 

analytical handle that provides a truly stunning level of detail and is also unique to crystalline 

samples. This technique, in combination with the theoretical framework provided by the 

topochemical postulate (and the implications it carries for the pursuit of crystal engineering 

efforts) has remained a component of even the most cutting-edge studies in solid-state 

photochemistry for decades.  

 

1.4 Spectroscopic Characterization of Solid-State Photochemical Reactions 

 Along with their unique benefits, solid-state samples also give rise to unique challenges, 

especially in the area of understanding reaction mechanisms. For example, common strategies 

for the investigation of radical intermediates (which are very common in photochemical 

reactions) such as the use of radical clocks and traps cannot be applied to crystalline samples due 

to the inaccessibility of the radical intermediate. The same logic applies to any method of 

mechanistic analysis that relies on the interaction of a chemical species with the reaction 

intermediate. There are, however, several spectroscopic techniques that can provide useful 

information regarding the identity and lifetime of photochemical intermediates in the solid state. 

 Electron paramagnetic resonance (EPR) spectroscopy is a technique that relies on the 

magnetic properties of unpaired electrons. It has been used to establish the identity of a radical 

pair intermediate following solid-state photolysis of a ketone as a triplet radical pair due to the 

unique EPR signal generated by the triplet intermediate.21 Time-resolved EPR (TREPR) was also 

able to establish the lifetime of this intermediate. Interestingly, EPR can be utilized to investigate 
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the orientation dependence of the interaction of an electric field with radical species in a 

crystal.22 Due to the regular order within the crystal lattice, free radicals, radical pairs, or 

biradicals generated photochemically would share the same orientation with respect to the 

various faces of the crystal, with a corresponding effect on how the orientation of the crystal 

modulates its interaction with an electromagnetic field. 

 Infrared (IR) and Raman spectroscopy can be used to monitor the progress of a solid-state 

photochemical reaction by probing the appearance or disappearance of vibrations that are 

characteristic of bonding arrangements that may only be present in the reactant or product 

structure.23–25 

 Multiple nuclear magnetic resonance (NMR) techniques have proven useful for the 

investigation of solid-state photochemical reactions. Cross polarization magic-angle spinning 

(CPMAS) NMR has been used to monitor reaction progress of solid-state reactions.26 Despite 

giving spectra with much broader signals, this method allows solid-state reactions to be 

monitored in an analogous manner to solution phase reactions. CPMAS NMR can also reveal 

conformational dynamics of molecules within the crystal lattice, which may have implications 

for photochemical reactivity.27 Lastly, the twin techniques of chemically induced dynamic 

nuclear and electron polarization (CIDNP and CIDEP, respectively) enable characterization of 

the spin states of radical intermediates in solid-state photochemical reactions by monitoring for 

enhanced absorption or emission signals in an NMR spectrum (most often 1H NMR).28,29 

 

1.5 Transmission Spectroscopy in Nanocrystalline Suspensions 

 The previous section described various spectroscopic techniques that are naturally 

applicable for probing crystalline solids. Absent from that list of techniques, however, is any 
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transmission spectroscopic method which interrogates the wavelength regime that coincides with 

the absorption spectrum of many photochemical intermediates. This is due to the exceptionally 

high optical density of these crystalline solids in the UV spectrum, which leads to very low 

transmittance, and therefore places a serious limitation on the ability to obtain useful information 

from methods such as UV-Vis or transient absorption spectroscopy. To overcome this issue, the 

Garcia-Garibay lab has pioneered the preparation and optimization of nanocrystalline 

suspensions, which are heterogeneous samples of sub-micron crystals of organic compounds 

suspended in water or dilute surfactant solution. These samples uniquely enable these methods of 

solid-state photochemical analysis by simultaneously retaining the crystalline environment for 

individual molecules as well as the optical properties of dilute solutions (low optical density, 

scattering, and birefringence). This can be demonstrated by a comparison of UV-Vis spectra of a 

solution and nanocrystalline suspension of a given compound with similar overall 

concentrations, as shown in Figure 1.2.  

Figure 1.2. UV-Vis spectra of 2-((3r,5r,7r)-adamantan-1-yl)-1-(4-methoxyphenyl)ethan-1-one in 

acetonitrile solution and nanocrystalline suspension at various time points. 
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The optical properties of these samples can be correlated to the parity between their size 

and the wavelength of light interacting with them (both on the order of hundreds of nanometers). 

In truth, the ability to conduct transmission spectroscopy is the result of a reasonable percentage 

of transmittance over the wavelengths of interest, which happens to be enabled by these sub-

micron crystals. A more detailed mathematical analysis of this idea for a particular crystalline 

sample is presented in Chapter Six. Precise determination of crystal sizes in these samples can be 

achieved through a combination of dynamic light scattering (DLS) as well as scanning electron 

microscopy (SEM) experiments. As a method of direct imaging of individual crystals and groups 

of crystals, SEM is an elegant technique which offers a direct window to the nanoscale world. 

The images in Figure 1.3 display the edge of a dried nanocrystalline suspension droplet of 9-

anthracenecarboxylic acid at various magnification levels, which shows an interesting pattern of 

material deposition reminiscent of the arrangement of sea-shells of different sizes along the 

boundary of a receding tide. The 1 m scale bar in the image on the right shows that a majority 

of the crystals are smaller than 1 micrometer in all dimensions. 

Figure 1.3. SEM images of a dried droplet of a nanocrystalline suspension of 9-

anthracenecarboxylic acid. 
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In addition to UV-Vis spectroscopy, nanocrystalline suspensions have been critical for 

the investigation of solid-state photochemistry by transient absorption spectroscopy. The 

technique known as laser flash photolysis (LFP) enables the determination of the spectra and 

lifetimes of photochemical intermediates.27,30–33 Throughout this dissertation, the data from LFP 

in nanocrystalline suspensions will be presented in order to describe details of solid-state 

photochemical reactions as well as novel discoveries of fundamental properties of photochemical 

intermediates, which have potential for applications beyond further understanding of specific 

photochemical reactions. 
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CHAPTER TWO 

 

Mechanistic Studies of Adamantylacetophenones with  

Competing Reaction Pathways in Solution and in the Crystalline Solid State 

 

Adapted from: Vince M. Hipwell and Miguel A. Garcia-Garibay.* 

J. Org. Chem. 2019, 84, 11103–11113. 

 

2.1 Abstract 

Photochemical reactions in crystals occur under conditions of highly restricted molecular 

mobility such that only one product is generally obtained, even when there are many others that 

can be observed in the gas phase or in solution. A series of 2-(1-adamantyl)-ortho-alkyl-

acetophenones with gamma hydrogen atoms on both the adamantyl and ortho-aromatic groups 

was selected to determine whether or not one can engineer and observe competing Norrish Type 

II reaction pathways in the crystalline state. It was shown that excited state competition for 

hydrogen abstraction between secondary adamantyl and benzylic hydrogens is affected not only 

by the relative bond dissociation energies but also by the molecular conformation in the crystal. 

The subsequent fate of the resulting biradical species is determined by competition between 

radical recombination to form photoproduct and reverse hydrogen atom transfer to regenerate the 

starting ketone. Crystallographic information, photoproduct distributions in solution and in the 

solid state, and the results of multiple mechanistic experiments including transient absorption 

spectroscopy in acetonitrile and with nanocrystals suspended in water are reported. The results 

demonstrate that it is possible to engineer competing reactions in crystals and that consideration 
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of all of the aforementioned factors is necessary in order to account for the observed 

photoproduct selectivity. 

 

2.2 Introduction 

The Norrish Type II reaction is one of the most widely studied photochemical processes, 

and many mechanistic studies have been reported on a broad range of compounds both in 

solution and in the solid state.1–6  In a recent study, crystals of adamantyl-para-methoxy-

acetophenone (2.1, Figure 2.1) were utilized for one of the first mechanistic investigations of the 

Norrish Type II reaction based on absolute photochemical kinetics in the solid state using laser 

flash photolysis (LFP) of aqueous nanocrystalline suspensions.7 Along with the identification of 

transient intermediates and their lifetimes, it was shown that the photoproduct 

diastereoselectivity for 2.1 is affected by the rotation of the globular adamantane group, which 

occurs in both solution and the solid state. Given this interesting result, we decided to use the 

adamantylacetophenone structure as a platform for further investigation of the Norrish Type II 

reaction. In particular, we sought to probe the reaction mechanism and product selectivity for 

compounds designed to facilitate multiple hydrogen transfer pathways such that reactivity trends 

and product selectivity factors may be elucidated. 

Modifications of the structure 2.1 to include ortho-alkyl substituents to the acetophenone 

chromophore provides an opportunity for competition between two analogous photochemical 

reaction pathways in the ortho-aryl substituted adamantylacetophenones 2.2–2.5 (Figure 2.1). 

There is one set of abstractable gamma hydrogens on the adamantyl group, shown in blue for 

compounds 2.1 and 2.2, and another one on the ortho-alkyl groups in the case of 2.2–2.4, which 

are shown in red for compound 2.2. The latter structures contain chemodivergent hydrogen atom 
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transfer (HAT) pathways potentially leading to Yang cyclizations and photoenolization reactions. 

Ketone 2.5 was selected to explore the competition for hydrogen abstraction between secondary 

adamantyl -hydrogens and the primary -hydrogens of the ortho-tert-butyl groups. 

Figure 2.1. (Top) Structures and melting points of adamantylacetophenone derivatives, including 

adamantyl-para-methoxy-acetophenone 2.1 with abstractable secondary hydrogen atoms 

highlighted in blue and adamantyl-2,4,6-trimethylacetophenone 2.2 with abstractable primary 

benzylic hydrogens in red. (Bottom) Photochemical reaction mechanism for adamantyl-4-

methoxy-2,6-dimethyl-acetophenone 2.3. Colored boxes highlight reaction pathways available 

upon abstraction of one of the two types of -hydrogen atoms from the T1 state of the ketone. 
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A general mechanistic scheme for these compounds is shown in the bottom part of Figure 

2.1 with adamantyl-4-methoxy-2,6-dimethylacetophenone 2.3 as a representative example. The 

reaction starts by electronic excitation and intersystem crossing (ISC) to the T1 state (steps 1, 2 in 

Figure 2.1) and is followed by HAT from either a benzylic position (step 3), to yield a biradical 

species corresponding to the triplet excited state of ortho-quinonedimethide QDM-2.3, or from 

the adamantyl methylene hydrogens (step 7) to yield a triplet 1,4-ketyl-adamantyl biradical. If 

HAT occurs from the adamantyl group, ISC and reverse HAT (steps 8, 9) lead back to ketone 2.3. 

Alternatively, recombination of the biradical (steps 10, 11) can form photoproducts trans-ACB-

2.3 (trans referring to the relative positions of the adamantane and aromatic group with respect to 

the cyclobutanol ring, and ACB meaning adamantane cyclobutanol), or cis-ACB-2.3 depending 

on the orientation of the radicals upon recombination.  If HAT occurs from the benzylic position 

(step 3), intersystem crossing and radical recombination yields the benzocyclobutanol 

photoproduct BCB-2.3 (step 6). However, ISC can also form the ortho-quinonedimethide QDM-

2.3 (step 4), which is subject to facile [1,5]-sigmatropic shift to reform ketone 2.3 (step 5). In the 

case of ketone 2.5, HAT competition would occur between the secondary adamantyl -hydrogens 

and the primary -hydrogens of the tert-butyl groups.  A detailed product analysis in solution and 

in the solid state, combined with LFP experiments of nanocrystalline suspensions of ketones 2.2–

2.5, revealed the feasibility of engineering competing reactions in crystals.   

 

2.3 Results and Discussion 

2.3.1 Synthesis and Characterization 

Ketones 2.1, 2.2, and 2.4 were synthesized via Friedel-Crafts acylation of the appropriate 

aromatic compounds with 1-adamantylacetyl chloride. Interestingly, 2.4 was the product isolated 
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from the reaction with 1,4-diisopropylbenzene. A control experiment in which the acid chloride 

was excluded showed that the isomerization of 1,4-diisopropylbenzene occurs in the presence of 

aluminum chloride, as previously documented under similar conditions.8 Therefore, the 

formation of 2.4 likely proceeds following the in situ isomerization of 1,4-diisopropylbenzene to 

1,3-diisopropylbenzene, rather than as a result of a 1,2-isopropyl shift during reaction with the 

acid chloride. 

Analogous conditions for the preparation of 2.3 failed due to regiospecific acylation 

occurring ortho to the methoxy group of the 1-methoxy-3,5-dimethylbenzene reactant. Also, 

since ipso substitution was observed for the reaction involving 1,4-di-tert-butylbenzene, it was 

assumed that 2.5 could also not be prepared by this method. Thus, ketones 2.3 and 2.5 were 

prepared by treatment of 1-adamantylacetyl chloride with the aryllithium species generated from 

the corresponding aryl bromide. Acetophenone derivatives 2.1–2.5 were isolated as colorless 

crystals with melting points well above room temperature as noted in Figure 2.1.  Detailed 

synthetic procedures for the preparation of 2.1–2.5 are reported in Section 2.5.2 along with full 

characterization data. Their 1H NMR, 13C{1H} NMR, UV-Vis, and IR spectra can be found in 

Section 2.5.7. 

 

2.3.2 Single Crystal X-Ray Diffraction Analysis 

While the lower bond dissociation energy (BDE) of the benzylic C-H bonds relative to 

the secondary C-H bonds of the adamantyl group may suggest that step 3 should predominate 

over step 7, one should expect the selectivity of the initial HAT step to also be dependent on 

crystal conformation. Crystals of each ketone were obtained by slow evaporation of ethanol 

solutions. Single-crystal X-ray diffraction (SCXRD) analysis with ketones 2.2–2.4 was 
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successful and selected crystallographic parameters for each of these structures are shown in 

Table 2.6 (Section 2.5.6) along with data from 1, which had been previously reported.7 Crystals 

of 2.5 prepared in this way displayed significant twinning. Despite attempts with many different 

crystallization methods and solvent mixtures, samples of 2.5 only yielded polycrystalline 

material that was not amenable to X-ray diffraction. 

The similarity between the molecular structures 2.2 and 2.3 extends to their crystal 

packing. As shown in Table 2.6 (Section 2.5.6), both crystallize in the P𝟏 space group and have 

similar unit cell lengths and angles. The crystal structures of ketones 2.1 and 2.4 feature greater 

numbers of molecules per unit cell with a corresponding increase in the length of at least one unit 

cell dimension.  

The molecular conformation of each ketone in the crystalline solid state are shown in 

Figure 2.2. Again, the similarity of 2.2 and 2.3 manifests in nearly identical conformations with 

the carbonyl group almost completely perpendicular to the plane of the aromatic ring as indicated 

by dihedral angles of 81.6° and 85.2°, respectively. Interestingly, the carbonyl group in 2.4 is 

rotated toward the ortho-isopropyl group despite the potential to achieve coplanarity with the 

aromatic ring (as in 2.1) if it were to be rotated in the opposite direction where there is a 

hydrogen atom. The dihedral angles between the plane of the carbonyl and the plane of the 

aromatic groups are 0.5° and 43.0° in ketones 2.1 and 2.4, respectively. 
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Figure 2.2. Molecular conformations of ketones 2.1–2.4 in the crystalline solid state as 

determined by SCXRD. 

 

 

Our group has previously shown that the product selectivity of 2.1 is complicated by the 

ability of the adamantane groups to rotate in the solid state, such that the position of the 

adamantyl radical center can vary to give rise to the formation of products cis- and trans-ACB-

2.1.7 Similar to the crystal packing of 2.1, the SCXRD structure of ketones 2.2 and 2.3 have the 

adamantane and aromatic groups form alternating layers in the crystal lattice, as shown for 

ketone 2.2 in the top part of Figure 2.3. Crystals of ketone 2.4, however, contain only 1-

dimensional chains of adamantane groups (Figure 2.3, bottom). While this arrangement may not 

eliminate the ability of the adamantane groups to rotate in the solid state, it is likely that the 

rotational rate would be reduced, with possible implications for reaction selectivity. 
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Figure 2.3. (Top) Crystal packing of 2.2 viewed down the a-axis with alternating layers of 

aromatic and adamantane groups. (Bottom) Crystal packing of 2.4 with alternating one-

dimensional chains of adamantane and aromatic groups generated by translation down the a-axis. 

 

 

 

2.3.3 Solid State Reaction Geometry 

A set of descriptors relating the ideal geometric parameters describing the position of -

hydrogen (H) atoms with respect to the carbonyl n-orbital involved in Norrish Type II reactivity 

have been developed by Scheffer.6,9–12 These include the distance between the carbonyl carbon 
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and the  carbon (D), the distance between the carbonyl oxygen and the H (d), the C=O···H 

angle (), the CH···O angle (), and the angular displacement of the H from the plane of the 

carbonyl group (). The ideal values for these geometric parameters as well as those determined 

for ketones 2.1–2.4 based on SCXRD can be found in Table 2.1. Geometric parameters for 

ketone 2.5 were obtained from a calculated lowest energy structure obtained from a molecular 

mechanics (MMFF) conformer distribution followed by DFT calculation of its equilibrium 

geometry using the B3LYP functional and 6-31G* basis set.  

Table 2.1. Geometric parameters relating carbonyl group and nearest gamma hydrogens in 

ketones 2.1–2.5. 

 
 

Ketone H-Type D [Å] d [Å]  [°]  [°]  [°] 

Ideal  N/A <2.7 90-120 180 0 

2.1 Adam 3.015 2.651 79.12 107.94 64.39 

2.2 
Benz 2.895 2.811 76.67 110.95 61.92 

Adam 3.201 2.504 97.16 120.95 22.21 

2.3 
Benz 2.926 2.786 70.67 120.93 68.54 

Adam 3.157 2.455 96.75 121.89 26.03 

2.4 
Benz 3.067 2.354 86.88 122.32 52.17 

Adam 3.031 3.005 64.78 106.00 73.82 

2.5a 
b 2.894 2.409 91.93 110.85 69.81 

Adam 3.241 2.536 97.03 118.35 31.12 
aGeometric parameters for 2.5 were determined from the lowest energy conformer minimized 

with the B3LYP/6-31G* method (Section 2.5.6). bThe hydrogen atoms of the tert-butyl groups of 

2.5 are  hydrogens. Geometric parameters are measured in an analogous manner. 
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Since 2.1 is known to undergo Norrish-Yang cyclization in the solid state, it is apparent 

that these bond angles and distances may deviate significantly from their ideal values in a 

substrate that exhibits photochemical reactivity. For ketones 2.2–2.4, one would expect that 

hydrogen atom abstraction would take place from the H with the geometric parameters closer to 

the ideal values. For derivatives 2.2–2.4 in Table 2.1, all of the parameters show a consistent 

preference for either benzylic (Benz) or adamantyl (Adam) hydrogen abstraction, with the 

adamantyl hydrogens being favored in 2.2 and 2.3, and the benzylic hydrogen being favored in 

2.4. However, this analysis based solely on the geometric parameters incorrectly predicts the 

photoproducts in each case as will be shown. Also, 2.5 exhibits no photochemical reactivity in 

solution or the solid state, despite the calculated structure giving geometric parameters that 

indicate that hydrogen abstraction should be possible. All of these results suggest that there are 

additional factors to consider when predicting the outcome of this set of solid-state Norrish Type 

II reactions. 

 

2.3.4 Nanocrystalline Suspensions 

Solid state samples for transient absorption spectroscopy were prepared via the 

reprecipitation method.13 Generally, this method involves dissolving the compound of interest in 

a water-miscible organic solvent followed by rapid injection or dropwise addition of the resulting 

solution into vortexing water. The insolubility of the compound in the water causes instantaneous 

precipitation, while the motion of the water distributes the material such that the particle size is 

limited. The use of a dilute aqueous surfactant solution in the place of pure water is often 

necessary; the surfactant molecules passivate the surface of the particles once formed in order to 

limit aggregation. With appropriate conditions (stock solution concentration, surfactant type and 
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concentration, addition method and volume, etc.), stable suspensions of crystalline particles with 

average size in the sub-micron regime can be prepared. We term such mixtures nanocrystalline 

suspensions, which have been shown to be amenable to spectroscopic analysis using standard 

solution-phase methods.7,14–19 For each derivative, nanocrystalline suspensions were prepared 

using 0.04 mM CTAB surfactant solution and stock solutions in acetonitrile. For ketone 2.4, 0.2 

mL of a 2.5 mg/mL acetonitrile solution was added dropwise to ~20 mL of vortexing surfactant 

solution. SEM imaging (Figure 2.4) of a dried droplet of this suspension indicated that the 

particles were crystalline and exhibited a size distribution in agreement with dynamic light 

scattering (DLS) results. Figure 2.4 also contains a set of UV-Vis spectra for this suspension at 

several time points, along with an equimolar (0.025 mg/mL) solution of 2.4 in acetonitrile. As 

expected, the spectral features of the solution and solid-state samples are identical. Despite the 

equivalent concentrations, the suspension spectra have a higher apparent absorbance due to 

Rayleigh scattering, which is proportional to 1/4. The similarity of the suspension spectrum over 

a 30-minute time period indicates that the suspension is stable (i.e. not prone to significant 

aggregation or decomposition) on the timescale of the transient absorption experiments. 
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Figure 2.4. (Top) UV-Vis spectrum of equimolar MeCN solution and nanocrystalline suspension 

(several time points) of 2.4. The consistency of the absorption spectrum for the suspension 

sample is indicative of its stability over the timeframe of the transient absorption experiments. 

(Bottom) SEM image of a nanocrystalline suspension of 2.4. The crystal sizes were consistent 

with size distribution determined by DLS (232  112 nm). 
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Lastly, an aqueous suspension of 2.4 with higher loading (1.0 mL of a 10.0 mg/mL 

solution injected into 3.0 mL of water) was dried under an air stream. The resulting powder was 

analyzed by powder X-ray diffraction (PXRD). The PXRD pattern matched that of the bulk 

powder and the simulated pattern from the SCXRD structure of 2.5 (Figure 2.5). The higher 

loading of suspensions for PXRD analysis is necessitated by the difficulty of collecting enough 

material from the dilute suspensions used for transient absorption spectroscopy. It is assumed 

that the crystals in each suspension share the same polymorph due to the similarity of the 

environments during the crystallization process. Additional SEM images of the suspension of 2.4 

along with UV-VIS (solution and suspension), SEM, and PXRD data for suspensions of the other 

derivatives can be found in Section 2.5.5. 

Figure 2.5. Powder X-ray diffraction (PXRD) of 2.4 (A) simulated from SCXRD structure, (B) 

bulk powder, (C) powder from dried aqueous suspension. 
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2.3.5 Solution and Solid-State Photochemistry 

Ketones 2.1–2.5 were subjected to irradiation with a medium pressure mercury lamp in 

both deuterated acetonitrile and in aqueous suspensions. The solution for 2.1 was prepared with 

5.0 mg/mL concentration, and the remaining solutions were made such that all solutions were 

equimolar. Aqueous suspensions were prepared by injecting 0.1 mL of acetonitrile stock solution 

into 0.9 mL vortexing Millipore water. Stock solution concentrations were controlled such that 

the total amount of each ketone in the suspensions matched that of the solution samples. All 

samples were sparged with argon, then sealed in NMR tubes and irradiated simultaneously for 10 

minutes and 2 hours, with 1H NMR spectra being taken after each irradiation time period. 

Product distribution percentages for the 2-hour time point in Table 2.2 represent relative NMR 

yields of recognizable photoproducts (ignoring minor or unassignable side products) as 

determined by comparison to spectra of the isolated photoproducts or by inference following the 

isolation of the dehydrated alcohol photoproducts. Further discussion of photoproduct 

identification can be found in Section 2.5.3.  

Results for the 10-minute time point (Section 2.5.3, Table 2.5) exhibit a larger conversion 

of 2.1 relative to those of all other derivatives. For 2.2–2.4, the limited conversion is likely due to 

the favorable but unproductive reaction pathway to reform the starting material after formation 

of the photoenol QDM (Figure 2.1, steps 1–5). For 2.2 and 2.3, this pathway was shown to be 

operating in solution by irradiation of solutions in 9:1 MeCN-d3:D2O with concentrations that 

match those of the previously discussed product analysis experiments. The enol hydrogen of the 

QDM is able to exchange with deuterons from the D2O, and after step 5 the exchanged 

deuterium atom replaces a hydrogen on the methyl groups ortho to the ketone. Multiple cycles of 

this reaction pathway for an individual ketone molecule results in partial or complete deuteration 
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of these benzylic positions. Percent deuteration values (determined by 1H NMR) of recovered 

starting material following 2 hours of irradiation of these samples are shown in Table 2.2.  

Table 2.2. Photoproduct distributions of 2.1–2.4 in MeCN solutions and aqueous nanocrystalline 

suspensions.a 

 

Ketone R1 (o) R2 (p) R3 R4 R5 Medium 
% 

Conversion 

% cis-

ACB 

% trans-

ACB 

% 

BCB 

% 

Deuteration 

2.1 H OMe N/A N/A N/A 
MeCN 96 38 62 N/A N/A 

Suspension 72 69 31 N/A N/A 

2.2 Me Me H H H 
MeCN 26 0 0 100 13 

Suspension 43 0 0 100 N/A 

2.3 Me OMe H H H 
MeCN 21 16 21 63 26 

Suspension 22 13 49 37 N/A 

2.4 H iPr Me Me H 
MeCN 6 70 30 0 58b 

Suspension 6 78 22 0 N/A 

aAll samples were prepared as degassed MeCN-d3 solutions or aqueous suspensions (all 

equimolar) and irradiated for 120 minutes with a 450 W medium pressure mercury lamp. Values 

in the final column (% Deuteration) are derived from an analogous set of experiments with a 9:1 

MeCN-d3:D2O solvent mixture. bBenzylic deuteration percentage for ketone 2.4 after 120 

minutes irradiation in 8:1:1 MeCN-d3:D2O:TFA-d. No benzylic deuteration of ketone 2.4 was 

observed when irradiated in 9:1 MeCN-d3:D2O. 

 

Figure 2.6 represents an example of the comparison of 1H NMR spectra to determine 

these values. As noted in Table 2.2, deuteration of 2.4 was not observed under these conditions. 

However, modification of the solvent mixture to include an acid catalyst to promote the proton-

deuterium exchange (8:1:1 MeCN-d3:D2O:TFA-d) enabled deuteration of the isopropyl group 

(Section 2.5.4, Figure 2.11). A control experiment in which an identical sample was not 

irradiated but allowed to stand for an equivalent amount of time exhibited no deuteration, ruling 
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out a ground-state acid-catalyzed exchange mechanism. Thus, it may be concluded that the 

formation of the QDM species as a photochemical intermediate occurs in ketones 2.2–2.4. We 

propose that this reaction pathway may also be active in the solid-state samples and be the 

primary factor responsible for the reduced conversion percentages observed for both the solution 

and solid-state samples of 2.2, 2.3, and 2.4 relative to those of 2.1.    

Figure 2.6. Partial 1H NMR spectrum of 2.3 with labeled peaks normalized to the signal of the 

methylene unit before and after irradiation in a degassed 9:1 MeCN-d3:D2O solution. Integration 

values are labeled above each peak. 

 

 

 

Despite the reduced conversion rate for 2.2, 2.3, and 2.4, extended irradiation results in 

the formation of isolable quantities of various photoproducts. The most striking differences in 

reactivity are seen in ketones 2.2 and 2.4, which exclusively form the BCB and ACB 
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photoproducts, respectively, in both solution and aqueous suspension. In the case of mesityl 

derivative 2.2, the selectivity for the BCB product is likely the result of a very strong preference 

for benzylic hydrogen abstraction (step 3) due to lower BDE value such that the biradical that 

would lead to the formation of the ACB photoproducts is never accessed, even in the solid state 

where the geometric parameters predict a preference for adamantyl hydrogen abstraction. By 

contrast, the deuteration experiments for the ortho-isopropyl ketone 2.4 suggest that, at least in 

solution, benzylic hydrogen abstraction occurs. However, the absence of any BCB-2.4 in the 

photoproduct mixture indicates that the radical recombination (step 6) does not occur. This could 

be due to prohibitively large steric repulsion for the dimethyl-radical recombination, such that 

return back to 2.4 via QDM-2.4 may be the only accessible pathway to this biradical.  

Alternatively, the formation of QDM-2.4 may be fast enough to preclude any conformer that 

would allow radical recombination from ever being accessed. In either case, the result is that 

hydrogen abstraction from the adamantyl group (step 7) competes and enables the formation of 

the ACB photoproducts. 

Interestingly, electronic excitation of adamantyl-4-methoxy-2,6-dimethylacetophenone 

2.3 produces both ACB diastereomers as well as the BCB product. This implies that the various 

factors affecting hydrogen abstraction and radical recombination balance, such that all possible 

Norrish-Yang photoproducts are formed. Considering the similarity of the solid-state molecular 

structures of ketones 2.2 and 2.3, both with methyl groups at their ortho-position, the substantial 

difference in photoproduct selectivity is very interesting. The ability of 2.3 to exhibit adamantane 

hydrogen abstraction in solution and in the solid state must be the result of the change in 

electronic structure imparted by the p-methoxy group. The results of transient absorption 

spectroscopy experiments in MeCN solution, discussed below, support this hypothesis. While the 



33 
 

lifetime of the T1 state of 2.2 was determined to be <10 ns due to the lack of an observable 

transient, that of 2.3 is 480  10 ns. The substantially longer T1 lifetime of 2.3 relative to that of 

2.2 reflects a lower reactivity that arises from a greater contribution of the (,*) electronic 

configuration, as documented for a number of acetophenone and benzophenone derivatives.20,21 

The attenuated reactivity in the case of 2.3 appears to allow for a decrease in selectivity, as 

shown by the formation of products from competing hydrogen abstraction at the adamantyl and 

aromatic methyl groups (Table 2.2). However, the lack of observable transient species for both 

ketones in the solid state indicates that reactions in the nanocrystals are completed within the ca. 

10 ns pulse. 

It is also worth noting the difference in photochemical selectivity observed between the 

solution and solid-state reactions for 2.3, with BCB favored in solution and ACB favored in the 

solid state. In solution, the enhanced conformational freedom enables preference for the 

thermodynamically favored benzylic hydrogen abstraction. In the crystalline solid, however, the 

ACB products are formed preferentially. The geometric parameters listed in Table 2.1 suggest 

that the adamantane H atoms are better positioned for hydrogen abstraction to occur (the 

carbonyl oxygen to H distance is shorter, and all angles are closer to the ideal values). Thus, the 

more favorable geometry may be able to offset the thermodynamic preference for abstraction of 

the hydrogen atom with lower BDE in order to form the ACB diastereomers as the major 

photoproducts.  

Ketone 2.5 was found to be photochemically inert under the irradiation conditions used.  

This was surprising considering that 2,4,6-tri-tert-butylacetophenone 2.6 has been shown to form 

a cyclopentanol photoproduct upon irradiation in cyclohexane.22 This compound was synthesized 

and subjected to the same irradiation conditions over 72 hours with an equimolar sample of 2.5. 
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This experiment yielded an isolable quantity of the dehydrated photoproduct 2.7 from 2,4,6-tri-

tert-butylacetophenone after workup (Scheme 2.1), but there was no observable conversion of 

2.5 by 1H NMR. Therefore, it must be the case that the steric hindrance imposed by the 

adamantane group prevents either the hydrogen abstraction or the radical recombination step 

from occurring. Unfortunately, the lack of a crystal structure of 2.5 prevents this hypothesis from 

being further investigated by an analysis of the geometry of the ground-state structure. However, 

if the molecular conformation in the crystal matches that of the calculated structure of 2.5 

(Section 2.5.6, Figure 2.25), then the geometric parameters in Table 2.1 predict that hydrogen 

abstraction should be possible, supporting the hypothesis that steric effects are responsible for 

the lack of photochemical reactivity. 

Scheme 2.1. Irradiation of ketone 2.6 in acetonitrile solution results in Norrish-Yang cyclization. 

Compound 2.7 was isolated after dehydration of the native photoproduct. 

 

 

2.3.6 Phosphorescence Spectroscopy 

The phosphorescence spectra of ketones 2.1–2.5 were acquired at 77 K in 

methylcyclohexane glasses (Section 2.5.7, Figures 2.76–2.80). The emission onset in each 

spectrum shows that all derivatives display similar triplet energies (73.3–74.7 kcal/mol). 

However, the spectral features observed for 2.4 and 2.5 indicate an excited state configuration 

with mixed (n,*) and (,*) character, while the spectra for 2.1, 2.2, and 2.3 exhibit a 

vibrational resolution that is typical of triplet ketones with a dominant (n,*) configuration. This 
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qualitative analysis is supported by complex phosphorescence lifetime data, which could be fit 

well by a double exponential function with short- and long-lived components as indicated in 

Table 2.3. Also included in Table 2.3 are the weighted average lifetimes for each ketone, which 

were shown to range from ca. 2 ms and 5 ms in ketones 2.2 and 2.3, respectively, to almost 1 s in 

ketones 2.4 and 2.5. The results in Table 2.3 indicate that the T1 states of all of the derivatives 

studied here have some (,*) character or that states with the two configurations are close in 

energy.23–25 The dominant nature of the short-lived (n,*) state in ketones 2.2 and 2.3 is 

interesting considering that they do have strong electron donating substituents in their aromatic 

rings.  This observation may be the result of a relatively poor conjugation in their corresponding 

aromatic carbonyls, which have dihedral angles of 81.6° and 85.2°, respectively. By comparison, 

the dihedral angle between the plane of the carbonyl and the plane of the aromatic group in the 

case of 2.1 and 2.4 is 0.5o and 43.0°, respectively. 

Table 2.3. Phosphorescence lifetimes and preexponential factors of ketones 2.1–2.5  

at 77 K in methylcyclohexane glasses. 

Ketone A1
a
 1 (ms) a A2

 b 2 (ms) b Ave (ms) c R2 

2.1 0.56 13.6 0.44 38.4 37 0.99995 

2.2 0.98 0.51 0.02 7.27 1.98 0.99770 

2.3 0.97 0.63 0.03 12.4 5.1 0.99618 

2.4 0.80 12.8 0.20 967 920 0.99661 

2.5 0.57 138 0.43 1092 957 0.99897 

aPreexponential factors and lifetimes of the short-lived components.  bPreexponential factors and 

lifetimes of the long-lived components. cAverage lifetime calculated from the equation Ave = 

(A11+A22) / (A11
2 + A22

2).26  
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2.3.7 Transient Spectroscopy and Kinetics 

Experiments were conducted for each acetophenone derivative in both acetonitrile 

solution and in nanocrystalline suspensions using an LP 920 laser flash photolysis instrument 

from Edinburgh Instruments modified with a one pass flow system using a Quantel Brilliant b 

Nd:YAG laser with 266 nm output from two sequential second harmonic generation modules. 

The results for all LFP experiments are summarized in Table 2.4.  

Table 2.4. Absorption maxima and lifetimes of transient species in MeCN solution and 

nanocrystalline suspension.a 

Ketone 
MeCN Solution Nanocrystalline Suspension 

max  (nm) Lifetime (ns) max (nm) Lifetime (s) 

2.1 390 65  2 400 810  20 

2.2 N/A N/A N/A N/A 

2.3 360 480  10 N/A N/A 

2.4 N/A N/A 390 1050  40 

2.5 330 740  50 N/A N/A 
aAll experiments were performed in triplicate.  Lifetime values correspond to the average of the 

three measurements, and error ranges are reported as the sample standard deviation. 

 

Representative transient absorption spectra obtained for a solution of 2.3 and a 

nanocrystalline suspension of 2.4 are shown in Figure 2.7 and Figure 2.8, respectively. All other 

transient absorption spectra that were acquired can be found in section 2.5.7 (Figures 2.81–2.85). 

Some samples did not yield any observable transient signal (fields labeled “N/A” in Table 2.4), 

suggesting lifetimes that are shorter than the 10 ns pulse. Alternatively, the transient species may 

not be generated in high enough concentrations to be detectable. For solid state samples, missing 

data points could also be the result of poor suspension quality (e.g., crystals that are too large, 

fast aggregation, etc.). However, suspension characterization studies, including DLS or SEM 

such as that shown in Figure 2.4 for samples of each derivative (Section 2.5.5, Figures 2.12–
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2.16), help rule out this explanation. With the exception of ketone 2.5, which contained crystals 

of significantly larger average size, all suspensions were amenable to transient absorption 

analysis. 

Figure 2.7. Transient absorption spectrum of 2.3 (4-methoxy-2,6-dimethyl ketone) in MeCN 

solution. The signal with max = 360 nm was assigned to the T1 state and shows a 

monoexponential decay (inset) with  = 480  10 ns. 

 

Figure 2.8. Transient absorption spectrum of 2.4 (2,4-diisopropyl ketone) in nanocrystalline 

suspension. The signal with max = 390 nm was assigned to the T1 state and shows a 

monoexponential decay (inset) with  = 1050  40 ns.  
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As an example, a 0.02 mg/mL solution of 2.3 in acetonitrile was degassed by sparging 

with argon for 30 minutes, then continuously pumped through the LFP flow-cell. The spectrum 

shown in Figure 2.7 was acquired, with a max at 360 nm and a lifetime of  = 480  10 ns. This 

transient was assigned to the T1 state of the ketone due to its similarity to previously documented 

transients of this type,27–32 and the observation that the lifetime is reduced as a function of 

increasing oxygen concentration. Furthermore, considering that ketone 2.3 yields products 

arising from hydrogen abstraction from the adamantyl and the ortho-methyl groups, which 

proceed through two different biradicals, it is reasonable to assign the observed transient to their 

common precursor. This assignment implies that biradicals in solution do not accumulate, but 

proceed rapidly towards product formation. Analogous observations with the other ketone 

transients in solution led us to assign all of them to the corresponding T1 states. 

The nanocrystalline suspension of the di-isopropyl ketone 2.4 used for LFP experiments 

was identical to that used for characterization by UV-Vis, DLS, and SEM. The transient 

absorption spectrum acquired from its suspension is shown in Figure 2.8. It exhibited a max at 

390 nm with a relatively long-lived monoexponential decay rate of  = 1050  40 ns. The lack of 

an observable transient for this compound in solution was attributed to rapid reactivity on the 

timescale of the laser pulse, such that neither the T1 state of the ketone nor the subsequent 

adamantyl biradicals can be detected in solution. This interpretation implies that the lifetime of 

the T1 state of 2.4 is extended by at least two orders of magnitude from solution to the solid state, 

which is a more drastic example of the behavior observed between solution and suspension 

samples of ketone 2.1 (Table 2.4), where the conformational restrictions imposed by the crystal 

lattice attenuates the rate of hydrogen transfer from the triplet excited state.6 
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2.4 Conclusion 

Nanocrystalline suspensions enabled the acquisition of the first solid state transient 

absorption spectrum of a compound featuring competing photochemical reaction pathways. 

While the lack of observable transients for other suspension samples prevented a quantitative 

comparison of reaction rates in the solid state, other mechanistic experiments and product 

analysis helped to elucidate important details about selectivity factors for the Norrish Type II 

reaction. It was shown that when multiple Norrish-Yang photoproducts are possible for a given 

substrate, many factors may affect the reaction outcome. First, the HAT selectivity is determined 

by geometric relationships between the carbonyl group and H atoms, the BDEs of the H C-H 

bonds, and the T1 lifetime of the ketone. Then, the radical recombination step is influenced by 

conformational freedom of the biradical and the steric effects associated with the approach of the 

biradical toward recombination. If any of these factors is omitted from consideration, then it is 

not possible to account for the photoproduct distributions observed across all of the samples. 

Therefore, it is necessary for all of them to be included in the general framework for predicting 

outcomes of the Norrish Type II reaction. 

 

2.5 Experimental Section 

2.5.1 Materials and Methods 

Unless noted otherwise, all reagents were used as received without further purification. 

Tetrahydrofuran was distilled from sodium with benzophenone indicator. Dichloromethane was 

distilled from calcium hydride. Acetonitrile, N,N-dimethylformamide, and methylcyclohexane 

were used as received. All reactions were carried out in oven-dried or flame-dried glassware 

under argon atmosphere. 1H and 13C{1H} NMR spectra for characterization of synthetic targets 
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and isolated photoproducts were acquired on a Bruker Avance spectrometer at 500 MHz (1H) and 

126 MHz (13C{1H}). 1H NMR spectra of photochemical reaction product mixtures were acquired 

on a Bruker Avance spectrometer at 400 MHz. All chemical shifts are reported in ppm on the -

scale relative to the residual solvent signal as reference (CDCl3  7.26 and  77.16 for proton and 

carbon, respectively, CD3CN  1.94 for proton and  118.26 for carbon). Coupling constants (J) 

are reported in hertz (Hz). High-resolution mass spectrum data was recorded on a Q Exactive 

Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer in positive ion mode. Melting point values 

were recorded on a Melt-Point II apparatus. Infrared spectra were recorded on a PerkinElmer 

Spectrum 100 spectrometer equipped with a single reflectance diamond crystal universal ATR 

sampling accessory. UV-Vis absorption spectra were recorded on an Ocean Optics Flame-T 

spectrometer with the OceanView software package.  Dynamic Light Scattering (DLS) data was 

collected using a Beckman-Coulter N4 Plus particle analyzer. Powder X-ray diffraction patterns 

were measured using a Panalytical X'Pert Pro X-ray Powder Diffractometer. Single-crystal X-ray 

diffraction data was collected on a Bruker Smart ApexII CCD single-crystal X-ray 

Diffractometer. Nanosecond transient absorption experiments were performed using an 

Edinburgh Instruments LP920 laser flash photolysis spectrometer in conjunction with a Q-

switched Nd:YAG Brilliant b laser from Quantel with 266 nm output wavelength, 5–8 ns pulse 

width, 1 Hz repetition rate, and 36–40 mJ pulse energy. Transient absorption detection is based 

on a 450 W pulsed Xenon arc lamp, a Czerny-Turner TMS300 monochromator, a Hamamatsu 

R928 photomultiplier detector, and a Tektronix TDS3012C digital oscilloscope. Transient 

absorption data was collected using the L900 software package provided by Edinburgh 

Instruments, then processed with Origin. Laser flash photolysis samples were pumped through a 

1 cm quartz flow cell mounted on a custom-built sample holder at a rate of 2 mL/min. with a 
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Masterflex L/S peristaltic pump. Samples for scanning electron microscopy (SEM) were 

deposited on silicon substrates and sputter-coated with gold using a Hummer 6.2 sputtering 

system. Samples were sputtered for 2 min., giving a ~10 nm thick gold coating according to 

manufacturer specifications. SEM samples were imaged using a JEOL JSM-6700F FE-SEM 

instrument. Phosphorescence spectra were recorded using an Edinburgh Instruments FLSP920 

fluorimeter with a μF 920H microsecond flashlamp emission source. Sample irradiation for 

photoproduct analysis experiments was performed in a photochemical reactor with a Hanovia 

450 W medium pressure mercury vapor lamp seated in a quartz immersion well. Molecular 

mechanics and DFT calculations were performed using the Spartan ’16 program. 

 

2.5.2 Experimental Procedures 

Nanocrystalline suspensions of 2.1–2.5 were prepared by addition of an acetonitrile stock 

solution of the ketone into 0.04 mM cetyltrimethylammonium bromide (CTAB) in water such 

that the final mixture contained 1% acetonitrile by volume and the indicated concentration of the 

ketone. 

2-(adamantan-1-yl)-1-(4-methoxyphenyl)ethan-1-one (2.1): Synthesis of 2.1 was 

conducted as previously reported with minor modifications.7 A 50 mL round-bottom flask was 

charged with 1-adamantaneacetic acid (777 mg, 4.0 mmol), dry DCM (16 mL), and DMF (10 

drops). The solution was stirred for 5 min., then oxalyl chloride (0.85 mL, 10.0 mmol) was added 

dropwise over the course of 3 min. The solution was stirred at room temp. for 1 hr., then the 

solvent was removed to give the acid chloride as a pale yellow oil, which was dissolved in 16 mL 

dry DCM and placed in an ice bath. Aluminum trichloride (1.07 g, 8.0 mmol) was added and the 

suspension was stirred for 10 min., followed by dropwise addition of anisole (0.87 mL, 8.0 
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mmol). The reaction mixture was stirred for 5 minutes at 0 °C and 90 minutes at room temp., 

then poured into a 0.1 M HCl solution at 0 °C. The mixture was extracted with DCM, dried over 

MgSO4, and the solvent was removed. The crude product was purified by column 

chromatography (SiO2, 9:1 hexanes:ethyl ether). Recrystallization from ethanol gave the product 

as a white, crystalline solid (713 mg, 63 %). Rf = 0.38 (9:1 hexanes:ethyl acetate). m.p. 77–80 °C 

(lit.1 80–81 °C). IR (powder): 2896, 1653, 1591, 1508, 1454, 1312, 1256, 1174, 1144, 1017, 843, 

821, 781, 770, 581, 535 cm-1. 1H NMR (500 MHz, CDCl3):  7.94 (d, J = 9.0 Hz, 2H), 6.92 (d, J 

= 9.0 Hz, 2H), 3.87 (s, 3H), 2.66 (s, 2H), 1.94 (br s, 3H), 1.65 (m, 12H) ppm.  13C{1H} NMR 

(126 MHz, CDCl3):  199.0, 163.4, 132.2, 130.9, 113.7, 55.6, 51.2, 43.2, 36.9, 34.1, 28.9 ppm. 

HRMS (APCI, quadrupole-orbitrap) m/z: [M+H]+ calculated for C19H25O2: 285.1849, found: 

285.1838. 

2-(adamantan-1-yl)-1-mesitylethan-1-one (2.2): An equivalent amount of the acid 

chloride solution as described in the synthesis of 2.1 was prepared in an identical manner. 

Aluminum trichloride (1.07 g, 8.0 mmol) was added and the suspension was stirred for 10 min. 

Mesitylene (1.11 mL, 8.0 mmol) was added dropwise and the mixture was stirred for 1 hr. at 0 

°C and 90 min. at room temp. The reaction mixture was poured into ice cold 0.1 M HCl solution, 

extracted with DCM, washed with brine, dried over MgSO4, and evaporated to give the crude 

product as a yellow oil. The crude product was purified by column chromatography (SiO2, 4:1 

hexanes:DCM). The resulting clear oil was crystallized from cold hexanes to give 2.2 as a white, 

crystalline solid (828 mg, 70% yield). Rf = 0.58 (9:1 hexanes:ethyl acetate). m.p. 69–72 °C. IR 

(film): 2879, 2845, 1694, 1612, 1449, 1336, 1212, 1149, 998, 980, 910, 850, 601, 526 cm-1. 1H 

NMR (500 MHz, CDCl3):  6.81 (s, 2H), 2.47 (s, 2H), 2.26 (s, 3H), 2.21 (s, 6H), 1.98 (br s, 3H), 

1.75 (m, 12H) ppm. 13C{1H} NMR (126 MHz, CDCl3):  209.7, 140.6, 138.1, 132.5, 128.7, 57.6, 
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42.2, 37.1, 33.3, 28.8, 21.2, 19.2 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M+H]+ 

calculated for C21H29O: 297.2213, found: 297.2212. 

2-bromo-5-methoxy-1,3-dimethylbenzene (2.8): Synthesis of 2.8 was conducted as 

previously reported.33 A 100 mL round-bottom flask was charged with 1-methoxy-3,5-

dimethylbenzene (2.83 mL, 20.0 mmol) and MeCN (20 mL). The flask was placed on an ice 

bath. A solution of N-bromosuccinimide (3.92 g, 22.0 mmol) in MeCN (30 mL) was transferred 

to an addition funnel and added to the flask over 10 min. The reaction was stirred at 0 °C for 2 

hrs., then poured into 100 mL H2O and extracted with hexanes. The organic layers were dried 

over MgSO4 and evaporated to give 2.8 as a pale yellow oil without further purification (3.78 g, 

88% yield). Rf = 0.72 (hexanes). IR (film): 2953, 1586, 1468, 1408, 1320, 1195, 1162, 1077, 

1018, 998, 853, 614 cm-1. 1H NMR (500 MHz, CDCl3):  6.65 (s, 2H), 3.76 (s, 3H), 2.39 (s, 6H) 

ppm. 13C{1H} NMR (126 MHz, CDCl3):  158.2, 139.2, 118.4, 114.0, 55.5, 24.2 ppm. HRMS 

(APCI, quadrupole-orbitrap) m/z: [M]+ calculated for C9H11BrO: 213.9988, found: 213.9986.  

2-(adamantan-1-yl)-1-(4-methoxy-2,6-dimethylphenyl)-ethan-1-one (2.3): A 10 mL 

round-bottom flask was charged with 1-adamantaneacetic acid (194 mg, 1.0 mmol). Dry DCM (4 

mL) and DMF (2 drops) were added, followed by dropwise addition of oxalyl chloride (0.21 mL, 

2.5 mmol). The solution was stirred at room temp. for 2 hrs., then the solvent was removed. A 

second 10 mL round-bottom flask was charged with 2.8 (215 mg, 1.0 mmol) and dry THF (2 

mL), then cooled to -78 °C and charged with t-butyllithium solution (1.2 mL, 1.7 M in pentane). 

The mixture was stirred for 1 hr. at -78 °C, then allowed to warm to room temp. Dry THF (2 mL) 

was added to the acid chloride, which was then cooled to -78 °C. The aryllithium solution was 

then transferred by syringe to the acid chloride solution over the course of 5 min. The reaction 

was stirred for 70 min. at -78 °C, and 100 min. at room temp. Then, the mixture was quenched 
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with H2O, extracted with DCM, dried over MgSO4, and evaporated to give the crude product as a 

dark orange oil (246 mg). The crude product was purified by flash chromatography (SiO2, 39:1 

hexanes:ethyl acetate) and recrystallization from ethanol to give 2.3 as a white, crystalline solid 

(45 mg, 14% yield). Rf = 0.48 (9:1 hexanes:ethyl acetate). m.p. 118–120 °C. IR (film): 2901, 

2848, 1700, 1605, 1451, 1338, 1316, 1192, 1146, 982, 838, 551 cm-1. 1H NMR (500 MHz, 

CDCl3):  6.52 (s, 2H), 3.77 (s, 3H), 2.47 (s, 2H), 2.23 (s, 6H), 1.97 (br s, 3H), 1.73 (m, 12H) 

ppm. 13C{1H} NMR (126 MHz, CDCl3):  209.4, 159.3, 136.4, 134.6, 113.3, 58.0, 55.3, 42.3, 

37.1, 33.5, 28.8, 19.8 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M]+ calculated for 

C21H28O2: 312.2084, found: 312.2088.  

2-(adamantan-1-yl)-1-(2,4-diisopropylphenyl)ethan-1-one (2.4): An equivalent 

amount of the acid chloride solution as described in the synthesis of 2.1 was prepared in an 

identical manner. Aluminum trichloride (1.07 g, 8.0 mmol) was added and the suspension was 

stirred for 10 min. 1,4-diisopropylbenzene (1.51 mL, 8.0 mmol) was added dropwise and the 

mixture was stirred for 2 hrs. at 0 °C and 90 min. at room temp. The reaction mixture was poured 

into ice cold 0.1 M HCl solution, extracted with DCM, washed with brine, dried over MgSO4, 

and evaporated to give the crude product as a golden oil. The crude product was purified by 

column chromatography (SiO2, 4:1 hexanes:DCM). The resulting yellow oil was crystallized 

from cold hexanes to give 2.4 as a white, crystalline solid (542 mg, 40% yield). Rf = 0.58 (9:1 

hexanes:ethyl acetate). m.p. 58–60 °C. IR (film): 2966, 2901, 2844, 1663, 1605, 1447, 1303, 

1283, 1255, 1062, 1017, 973, 846, 697, 600 cm-1. 1H NMR (500 MHz, CDCl3):  7.36 (d, J = 8.0 

Hz), 7.23 (d, J = 1.6 Hz, 1H), 7.05 (dd, J = 8.0, 1.6 Hz, 1H) , 3.39 (sept, J = 6.8 Hz, 1H), 2.91 

(sept, J = 6.9 Hz, 1H) 2.64 (s, 2H), 1.94 (br s, 3H), 1.66 (m, 12H), 1.25 (d, J = 6.9 Hz, 6H), 1.24 

(d, J = 6.8 Hz, 6H) ppm. 13C{1H} NMR (126 MHz, CDCl3):  206.2, 151.7, 147.7, 138.8, 127.9, 
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125.0, 123.1, 56.0, 43.0, 37.0, 34.3, 34.3, 29.5, 28.8, 24.5, 23.9 ppm. HRMS (APCI, quadrupole-

orbitrap) m/z: [M+H]+ calculated for C24H35O: 339.2682, found: 339.2681. 

2-bromo-1,3,5-tri-tert-butylbenzene (2.9): Synthesis of 2.9 was conducted as previously 

reported.34 A 100 mL round bottom flask with a reflux condenser was charged with 1,3,5-tri-tert-

butylbenzene (4.00 g, 16.2 mmol). Trimethyl phosphate (40 mL, 342 mmol) was added and the 

mixture was heated to 70 °C. Bromine (1.66 mL, 32.5 mmol) was added and the reaction was 

stirred at 70 °C for 26 hrs. The reaction mixture was allowed to cool to room temp., and the 

orange suspension was poured into aqueous sodium thiosulfate solution (100 mL, 10% w/v) then 

extracted with hexanes. The organic layer was dried over MgSO4 and evaporated to give a 

yellow solid. Recrystallization from ethanol gave 2.9 as a pale yellow, crystalline solid (3.164 g, 

69% yield). Rf = 0.72 (hexanes). m.p. 169–171 °C (lit.34 167–169 °C). IR (powder): 2956, 1590, 

1475, 1396, 1362, 1241, 1216, 1011, 877, 739, 578 cm-1.  1H NMR (500 MHz, CDCl3):  7.41 (s, 

2H), 1.59 (s, 18H), 1.32 (s, 9H) ppm. 13C{1H} NMR (126 MHz, CDCl3):  148.7, 148.6, 123.8, 

121.8, 38.5, 35.1, 31.5, 31.1 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M]+ calculated for 

C18H29Br: 324.1447, found: 324.1447.  

2-(adamantan-1-yl)-1-(2,4,6-tri-tert-butylphenyl)ethan-1-one (2.5): A 50 mL round-

bottom flask was charged with 1-adamantaneacetic acid (597 mg, 3.07 mmol), DCM (10 mL), 

and DMF (4 drops). Oxalyl chloride (0.66 mL, 7.7 mmol) was added dropwise to the solution, 

which was then stirred for 1 hr. The solvent was removed and the resulting residue was 

redissolved in 10 mL THF. A 25 mL round-bottom flask was charged with 2.9 (1.0 g, 3.07 mmol) 

and THF (10 mL), then placed in a dry ice / acetone bath. The solution was treated with n-

butyllithium (2.5 mL, 2.5 M in hexanes) and allowed to stir for 30 min. before warming to room 

temp. Meanwhile, the acid chloride solution was placed in a dry ice / acetone bath. Once the 
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solution aryllithium solution had reached room temp., it was transferred to the acid chloride 

solution dropwise via syringe, and the resulting mixture was stirred for 3 hrs. Then, the reaction 

mixture was poured into 0.1 M HCl, extracted with DCM, dried over MgSO4 and evaporated to 

give the crude product as a brown oil. Upon standing overnight, crystals had grown from the oil. 

The crystals were washed with ethanol, then dissolved in DCM and dried to give 133 mg off-

white solid, which was passed through a silica plug with hexanes as eluent then dried to give 2.5 

as a white, crystalline solid (75 mg, 6% yield). Rf = 0.75 (9:1 hexanes:ethyl acetate). m.p. 184–

186 °C. IR (film): 2963, 2902, 2848, 1703, 1601, 1454, 1393, 1363, 1332, 1195, 978, 909, 731, 

650 cm-1. 1H NMR (500 MHz, CDCl3):  7.35 (s, 2H), 2.62 (s, 2H), 1.98 (br s, 3H), 1.82 (br s, 

6H), 1.72 (br s, 6H), 1.39 (s, 18H), 1.31 (s, 9H) ppm. 13C{1H} NMR (126 MHz, CDCl3):  210.5, 

149.0, 145.2, 137.6, 123.1, 60.8, 42.3, 37.8, 37.2, 34.9, 33.5, 33.4, 31.4, 28.8 ppm. HRMS 

(APCI, quadrupole-orbitrap) m/z: [M+H]+ calculated for C30H47O: 423.3621, found: 423.3615. 

2,4,6-tri-tert-butylbenzoic acid (2.10):  Synthesis of 2.10 was conducted as previously 

reported with minor modifications.22 A 50 mL round-bottom flask was charged with 2.9 (1.00 g, 

3.07 mmol). THF (20 mL) was added and the flask was cooled to -78 °C, then the solution was 

treated with n-butyllithium (1.23 mL, 2.5 M in hexanes) and stirred for 30 min. Dry CO2 was 

then bubbled through the solution for 10 min., with the cold bath being removed after the first 5 

min. The reaction mixture was poured into a solution of 50 mL H2O and 2 mL 2 M HCl, 

extracted with DCM, dried over MgSO4 and evaporated to give the crude product as a white 

solid, which was purified by flash chromatography (SiO2, 4:1 hexanes:ethyl acetate) to give 2.10 

as a white powder (871 mg, 97% yield). Rf = 0.35 (4:1 hexanes:ethyl acetate). m.p. 292–294 °C 

(lit.22 291–293 °C). IR (film): 2959, 1694, 1603, 1459, 1390, 1363, 1287, 1218, 1165, 1083, 909, 

878, 745 cm-1.  1H NMR (500 MHz, CDCl3):  7.45 (s, 2H), 1.49 (s, 18H), 1.33 (s, 9H) ppm. 
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13C{1H} NMR (126 MHz, CDCl3):  180.3, 150.9, 146.5, 127.7, 122.3, 37.2, 35.2, 32.4, 31.4 

ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M+H]+ calculated for C19H31O2: 291.2319, 

found: 291.2308. 

1-(2,4,6-tri-tert-butylphenyl)ethan-1-one (2.6): A 35 mL round-bottom flask was 

charged with 2.10 (200 mg, 0.69 mmol), DCM (10 mL), and DMF (1 drop). Oxalyl chloride 

(0.15 mL, 1.72 mmol) was added and the mixture (heterogeneous at the beginning due to limited 

solubility of 2.10 in DCM) was stirred for 1 hr. The solvent was removed and the resulting 

yellow solid was redissolved in 10 mL THF. The flask was cooled to 0 °C and 0.46 mL 3 M 

MeMgBr solution in diethyl ether was added. After 45 min., the reaction mixture was poured into 

10 mL 0.1 M HCl solution, extracted with DCM, dried over MgSO4, and evaporated to give the 

crude product as a white solid, which was purified by flash chromatography (SiO2, 49:1 

hexanes:ethyl acetate) and recrystallization from methanol to give 2.6 as a white solid (30 mg, 

15% yield). Rf = 0.35 (19:1 hexanes:ethyl acetate). m.p. 110–116 °C (lit.22 120.5–122 °C). IR 

(film): 2961, 1699, 1602, 1465, 1396, 1363, 1350, 1246, 1217, 1148, 879 cm-1.  1H NMR (500 

MHz, CDCl3):  7.39 (s, 2H), 2.64 (s, 3H), 1.38 (s, 18H), 1.32 (s, 9H) ppm. 13C{1H} NMR (126 

MHz, CDCl3):  211.9, 149.5, 144.7 137.7, 122.9, 38.4, 37.3, 35.0, 33.1, 31.4 ppm. HRMS 

(APCI, quadrupole-orbitrap) m/z: [M]+ calculated for C20H32O: 288.2448, found: 288.2451. 

4,6-di-tert-butyl-1,1,3-trimethyl-1H-indene (2.7): A 20 mL screw-cap vial was charged 

with 15 mg 2.6 and 15 mL MeCN. The solution was sparged with argon for 10 min., then the vial 

was sealed with parafilm. The solution was irradiated in the Hanovia photochemical reactor for 

72 hours, then the solvent was removed. Upon dissolving the resulting solid in CDCl3, a 

significant change in TLC results indicated that the CDCl3 promoted dehydration of the 

cyclopentanol photoproduct to form 2.7, presumably due to trace HCl. Preparatory TLC with 
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hexanes as eluent enabled isolation of 2.7 as a white solid (2.4 mg, 17% yield). Rf = 0.32 

(hexanes). m.p. 102–104 °C. IR (film): 2955, 2865, 1610, 1458, 1396, 1362, 1253, 960, 875, 815 

cm-1.  1H NMR (500 MHz, CDCl3):  7.36 (d, J = 2.0 Hz, 1H), 7.20 (d, J = 2.0 Hz, 1H), 6.12 (q, 

J = 1.38 Hz, 1H), 2.44 (d, J = 1.43 Hz, 3H), 1.54 (s, 2H), 1.50 (s, 9H), 1.36 (s, 9H), 1.25 (s, 6H) 

ppm. 13C{1H} NMR (126 MHz, CDCl3):  157.1, 147.1, 146.9, 144.6, 138.0, 136.1, 121.5, 116.5, 

46.1 35.4, 34.9, 33.3, 31.7, 25.4, 21.1 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M+H]+ 

calculated for C20H31: 271.2420, found: 271.2426. 

 

2.5.3 Photoproduct Isolation and Photoproduct Distribution Determination 

Photoproducts were isolated by preparative TLC with 49:1 or 19:1 hexanes:ethyl acetate 

as eluent. The photoproducts of ketones 2.1 and 2.2 were isolated in their native form (trans-

ACB-2.1, cis-ACB-2.1, and BCB-2.2). However, cyclobutanols from ketones 2.3 and 2.4 

transformed into corresponding alkenes by water elimination upon chromatographic purification. 

In the case of ketone 2.4, a correlation of 1H NMR spectra before and after purification showed 

that trans-ACB-2.4 is isolated as the H2O elimination product but cis-ACB-2.4 can be obtained 

in its native form. For ketone 2.3, only the elimination products were isolated. Relative 

percentages of trans-ACB-2.3, cis-ACB-2.3, and BCB-2.3 were determined from crude 1H NMR 

spectra by integration of the distinctive cyclobutanol methine proton of cis-ACB-2.3 at  2.90, 

the methoxy protons of trans-ACB-2.3 at  3.72, and the cyclobutanol methylene protons of 

BCB-2.3 at  3.42 and  2.99. In all cases, relative percentages of photoproducts as well as 

conversion percentages were determined by integration of characteristic signals of the starting 

material and photoproducts in the crude 1H NMR spectra. Product distributions determined from 

this analysis for 2.1–2.5 after 10 minutes and 2 hours of irradiation in both MeCN solutions and 
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aqueous suspensions are shown in Table 2.5. Characterization of each photoproduct and 

dehydrated photoproduct isolated are listed below. 

trans-ACB-2.1: 1H NMR (500 MHz, CDCl3):  7.36 (d, J = 8.8 Hz, 2H), 6.90 (d, J = 8.8 

Hz, 2H), 3.82 (s, 3H), 2.70 (d, J = 10.9 Hz, 1H), 2.62 (br s, 1H), 2.38 (br s, 1H), 2.06 (d, J = 11.2 

Hz, 1H), 1.99 (m, 1H), 1.81 (m, 5H), 1.59 (m, 3H), 1.50 (m, 2H), 1.39 (m, 2H) ppm. 13C{1H} 

NMR (126 MHz, CDCl3):  159.1, 136.2, 129.2, 113.9, 81.7, 60.1, 55.4, 47.7, 45.9, 41.2, 38.1, 

37.7, 30.91, 30.89, 29.9, 29.0, 28.3 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M+H]+ 

calculated for C19H25O2: 285.1849, found: 285.1839.  

cis-ACB-2.1: 1H NMR (500 MHz, CDCl3):  7.26 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.8 

Hz, 2H), 3.80 (s, 3H), 2.91 (m, 1H), 2.36 (br s, 1H), 2.31 (m, 1H), 2.25 (d, J = 11.1 Hz, 1H), 2.20 

(m, 1H), 2.11 (d, J = 11.1 Hz, 1H), 2.02 (m, 2H), 1.75 (m, 8H), 1.64 (s, 1H) ppm. 13C{1H} NMR 

(126 MHz, CDCl3):  158.7, 142.0, 126.3, 113.9, 84.1, 55.49, 55.47, 48.5, 45.6, 41.2, 39.8, 38.3, 

34.1, 32.4, 31.2, 30.1, 28.7 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M+H]+ calculated 

for C19H25O2: 285.1849, found: 285.1838. 

BCB-2.2: 1H NMR (500 MHz, CDCl3):  6.80 (s, 1H), 6.78 (s, 1H), 3.56 (d, J = 14.3 Hz, 

1H), 3.10 (d, J = 14.3 Hz, 1H), 2.30 (s, 3H), 2.27 (s, 3H), 2.02 (m, 2H), 1.96 (m, 3H), 1.85 (m, 

3H), 1.69 (m, 9H), 1.53 (d, J = 14.7 Hz, 1H) ppm. 13C{1H} NMR (126 MHz, CDCl3):  147.2, 

141.5, 139.2, 131.6, 129.3, 121.6, 81.6, 50.8, 48.0, 43.8, 37.2, 34.3, 29.0, 22.1, 16.9 ppm. HRMS 

(APCI, quadrupole-orbitrap) m/z: [M+H]+ calculated for C21H29O: 297.2213, found: 297.2201. 

Elimination product of cis- and trans-ACB-2.3: 1H NMR (500 MHz, CDCl3):  6.57 (s, 

2H), 3.77 (s, 3H), 2.47 (m, 3H), 2.31 (m, 6H), 2.09 (m, 2H), 2.00 (m, 2H), 1.85 (m, 2H), 1.75 

(m, 6H) ppm. 13C{1H} NMR (126 MHz, CDCl3):  157.8, 156.2, 138.2, 128.7, 122.1, 112.6, 
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55.1, 46.0, 43.1, 39.2, 37.0, 36.8, 31.5, 29.9, 21.1 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: 

[M]+ calculated for C21H26O: 294.1978, found: 297.1972.  

Elimination product of BCB-2.3: 1H NMR (500 MHz, CDCl3):  6.57 (s, 1H), 6.52 (s, 

1H), 5.35 (s, 1H), 3.77 (s, 3H), 3.66 (s, 2H), 2.28 (s, 3H), 2.00 (m, 3H), 1.76 (m, 6H), 1.71 (m, 

6H) ppm. 13C{1H} NMR (126 MHz, CDCl3):  159.7, 146.0, 137.5, 133.9, 131.5, 128.7, 115.0, 

105.3, 55.5, 42.9, 38.3, 36.9, 36.1, 28.6, 18.1 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: 

[M]+ calculated for C21H26O: 294.1978, found: 297.1989. 

Elimination product of trans-ACB-4: 1H NMR (500 MHz, CDCl3):  7.20 (d, J = 8.0 

Hz, 1H), 7.12 (d, J = 1.7 Hz, 1H), 7.01 (dd, J = 8.0, 1.7 Hz, 1H), 3.38 (sept, J = 6.9 Hz, 1H), 

2.87 (sept, J = 6.9 Hz, 1H), 2.85 (m, 1H), 2.57 (s, 2H), 2.08 (m, 2H), 1.97 (m, 2H), 1.89 (m, 2H), 

1.78 (m, 4H), 1.69 (m, 2H), 1.24 (d, J = 6.9 Hz, 6H), 1.23 (d, J = 6.9 Hz, 6H) ppm. 13C{1H} 

NMR (126 MHz, CDCl3):  154.3, 147.2, 145.6, 132.6, 128.2, 123.3, 123.2, 123.1, 45.1, 42.7, 

38.7, 37.3, 36.7, 34.1, 32.5, 29.7, 29.2, 24.0, 23.9 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: 

[M]+ calculated for C24H32: 320.2499, found: 320.2493. 

cis-ACB-4: 1H NMR (500 MHz, CDCl3):  7.17 (d, J = 1.9 Hz, 1H), 7.15 (d, J = 7.9 Hz, 

1H), 7.00 (dd, J = 7.9, 1.9 Hz, 1H), 3.37 (sept, J = 6.9 Hz, 1H), 2.93 (m, 1H), 2.88 (sept, J = 6.9 

Hz, 1H), 2.49 (s, 1H), 2.38 (br s, 1H), 2.33 (d, J = 11.1 Hz, 1H), 2.29 (d, J = 11.1 Hz, 1H), 2.20 

(m, 1H), 2.02 (m, 2H), 1.82 (m, 2H), 1.73 (m, 6H), 1.67 (br s, 1H), 1.25 (d, J = 6.9 Hz, 6H), 1.21 

(d, J = 6.9 Hz, 6H) ppm. 13C{1H} NMR (126 MHz, CDCl3):  148.2, 147.5, 142.9, 125.7, 125.1, 

123.2, 85.1, 54.9, 49.9, 45.5, 41.0, 39.6, 38.1, 34.4, 33.9, 32.2, 30.9, 30.6, 28.7, 28.5, 24.7, 24.5, 

24.02, 23.99 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M+H]+ calculated for C24H35O: 

339.2682, found: 339.2693. 
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Table 2.5. Photoproduct distributions of 2.1–2.5 in MeCN solutions and aqueous suspensions. 
Compound Medium 

Reaction 

Time (min.) 

% 

Conversion 
% cis-ACB % trans-ACB % BCB % Deuteration 

2.1 

MeCN 
10 29 36 64 N/A N/A 

120 96 38 62 N/A N/A 

Suspension 
10 47 75 25 N/A N/A 

120 72 69 31 N/A N/A 

2.2 

MeCN 
10 2 0 0 100 4 

120 26 0 0 100 13 

Suspension 
10 5 0 0 100 N/A 

120 43 0 0 100 N/A 

2.3 

MeCN 
10 <1 <1 <1 0 0 

120 6 70 30 0 0 

Suspension 
10 <1 <1 <1 0 N/A 

120 6 78 22 0 N/A 

2.4 

MeCN 
10 5 41 18 41 5 

120 21 16 21 63 23 

Suspension 
10 6 24 28 48 N/A 

120 22 13 49 37 N/A 

2.5 

MeCN 
10 0 0 0 0 N/A 

120 0 0 0 0 N/A 

Suspension 
10 0 0 0 0 N/A 

120 0 0 0 0 N/A 
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2.5.4 Photochemical Deuteration Experiments 

 An oven-dried NMR tube was charged with 2.2 (5.2 mg) in MeCN-d3 (0.9 mL) and D2O 

(0.1 mL). The solution was sparged with argon and irradiated for 2 hrs. Partial deuteration of the 

indicated benzylic positions was confirmed by 1H NMR spectroscopy (Figure 2.9), in which the 

integration of the peak corresponding to the methyl groups ortho to the ketone ( 2.13) was 

reduced by a percentage as indicated in Table 2.1. 

Figure 2.9. 1H NMR (500 MHz, CDCl3) of 2.2 (recovered starting material) after 2 hrs. 

irradiation in MeCN-d3:D2O (9:1). 
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An oven-dried NMR tube was charged with 2.3 (5.5 mg) in MeCN-d3 (0.9 mL) and D2O 

(0.1 mL). The solution was sparged with argon and irradiated for 2 hrs. Partial deuteration of the 

indicated benzylic positions was confirmed by 1H NMR spectroscopy (Figure 2.10). 

Figure 2.10. 1H NMR (500 MHz, CDCl3) of 2.3 (recovered starting material) after 2 hrs. 

irradiation in MeCN-d3:D2O (9:1). 
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An oven-dried NMR tube was charged with 2.4 (5.9 mg) in MeCN-d3 (0.8 mL), D2O (0.1 

mL), and TFA-d (0.1 mL). The solution was sparged with argon and irradiated for 2 hrs. 

Deuteration of the benzylic position is confirmed by 1H NMR (Figure 2.11). 

Figure 2.11. 1H NMR (400 MHz, MeCN-d3) of 2.4 after 2 hrs. irradiation in  

MeCN-d3:D2O:TFA-d (8:1:1). 
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2.5.5 Characterization of Nanocrystalline Suspensions 

Figure 2.12. SEM micrographs and DLS unimodal size distribution analysis of nanocrystalline 

suspension of 2.1. 
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Figure 2.13. SEM micrographs and DLS unimodal size distribution analysis of nanocrystalline 

suspension of 2.2. 
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Figure 2.14. SEM micrographs and DLS unimodal size distribution analysis of nanocrystalline 

suspension of 2.3. 
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Figure 2.15. SEM micrographs and DLS unimodal size distribution analysis of nanocrystalline 

suspension of 2.4. 
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Figure 2.16. SEM micrographs and DLS unimodal size distribution analysis of nanocrystalline 

suspension of 2.5. 
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Figure 2.17. Simulated and experimental PXRD patterns of 2.1. 

 
 

 

 

 

Figure 2.18. Simulated and experimental PXRD patterns of 2.2. 
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Figure 2.19. Simulated and experimental PXRD patterns of 2.3. 

 
 

 

 

 

Figure 2.20. Simulated and experimental PXRD patterns of 2.4. 
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Figure 2.21. Experimental PXRD patterns of 2.5. 

 
 

2.5.6 Crystallographic and Computational Data 

Table 2.6. Selected crystal structure data for ketones 2.1–2.4.a 

 

Ketone 2.1b 2.2 2.3 2.4 

Space Group P21/m P𝟏 P𝟏 Pbca 

a (Å) 6.417 6.819 6.873 7.678 

b (Å) 21.991 11.296 10.713 20.557 

c (Å) 10.566 11.941 12.302 24.693 

α (o) 90.00 112.70 77.26 90 

β(o) 90.02 97.57 74.20 90 

γ(o) 90.00 90.14 87.04 90 

Z 4 2 2 8 

Volume (Å3) 1491.0(3) 839.74 849.9(6) 3897.7(9) 

GoF 1.039 1.132 1.011 1.035 

R (%) 4.17 4.73 4.58 7.39 

Rw (%) 10.60 11.75 12.21 14.48 
aCrystals of 2.2, 2.3, and 2.4 were obtained by slow evaporation of ethanol solutions. X-ray 

diffraction data was acquired on a Bruker Smart ApexII CCD-single crystal X-ray 

Diffractometer. bData obtained from reference 7. 
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Figure 2.22. Crystal structure of 2.2 with thermal ellipsoids drawn at the 50% probability level. 

 
 

 

 

Figure 2.23. Crystal structure of 2.3 with thermal ellipsoids drawn at the 50% probability level. 
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Figure 2.24. Crystal structure of 2.4 with thermal ellipsoids drawn at the 50% probability level. 

 
 

 

 

The calculated structure of 2.5 was produced using the Spartan ’16 program. A 

conformational search using the force-field method MMFF resulted in 6 conformers with 

energies within 2 kcal/mol. These conformers were nearly identical, differing only by rotation of 

the t-butyl groups. Conformers in which the adamantane group was placed closer to the aromatic 

ring displayed much higher energies (>30 kcal/mol increase). The lowest energy conformer was 

submitted to the DFT method B3LYP/6-31G* for equilibrium geometry calculation. The 

structure obtained from this calculation is shown in Figure 2.25 and the corresponding atomic 

positions are listed in Table 2.7. 
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Figure 2.25. Calculated Structure of 2.5. 

 
 

Table 2.7. Cartesian coordinates for calculated structure of 2.5. 

 

C 1.3027 0.8005 1.4405 

C 0.9097 -1.7296 2.561 

C 2.284 0.1651 2.2103 

C 0.0979 0.0833 1.1698 

C -0.1274 -1.1772 1.7892 

C 2.1347 -1.1059 2.764 

C 3.2809 -1.7399 3.5732 

C 4.5371 -1.8598 2.6783 

C 3.6098 -0.8472 4.7936 

C 2.9259 -3.1466 4.0915 

C 1.6841 2.2477 0.9848 

C 2.1594 3.0563 2.2243 

C 0.5591 3.0974 0.3632 

C 2.8423 2.1677 -0.0398 

C -1.4154 -2.064 1.7467 

C -1.0794 -3.4168 1.0673 

C -1.8762 -2.3245 3.2068 

C -2.6484 -1.4909 1.0244 

C -0.872 0.6011 0.1054 
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O -1.8366 1.2965 0.3634 

H -3.4717 -2.2058 1.1379 

H -2.9707 -0.535 1.4413 

H -2.4943 -1.3626 -0.0483 

H -2.1226 -1.3811 3.7065 

H -2.7761 -2.951 3.2027 

H -1.9579 -4.0735 1.0801 

H -0.788 -3.268 0.0205 

H 0.7436 -2.6988 3.0112 

H 3.2165 0.6883 2.3854 

H 2.06 -3.1284 4.7629 

H 3.7714 -3.5559 4.6559 

H 2.7077 -3.841 3.2718 

H 2.7409 -0.7478 5.4544 

H 4.4311 -1.2858 5.3733 

H 3.9154 0.1601 4.4914 

H 5.3685 -2.2958 3.2457 

H 4.8653 -0.8845 2.3041 

H 1.3703 3.103 2.9834 

H -0.3101 3.1747 1.0206 

H 0.2222 2.7257 -0.6041 

H 0.9456 4.1087 0.1904 

H 2.3968 4.083 1.9219 

H 3.1639 3.1758 -0.3289 

H 2.5295 1.643 -0.9504 

H 4.3435 -2.5019 1.8113 

H 3.0549 2.6458 2.6983 

H 3.7124 1.6392 0.3632 

H -0.2608 -3.9457 1.5653 

H -1.1232 -2.8368 3.8114 

C -0.4975 0.1532 -1.3123 

C -1.3543 0.5701 -2.5287 

H 0.5417 0.4797 -1.4714 

H -0.4222 -0.9449 -1.2774 

C -0.6766 -0.0265 -3.7922 

C -1.43 2.1077 -2.7099 

C -2.7984 0.014 -2.4523 

C -3.5905 0.3735 -3.7265 

C -2.2218 2.4688 -3.9844 

C -1.4629 0.3299 -5.0678 
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H 0.353 0.353 -3.8712 

H -0.6033 -1.1192 -3.6897 

H -2.7686 -1.0796 -2.3358 

H -3.3013 0.4218 -1.5688 

H -0.9572 -0.1082 -5.939 

H -0.4128 2.5191 -2.7843 

H -1.9038 2.5618 -1.8337 

C -3.6536 1.9064 -3.8749 

C -1.5247 1.8627 -5.2179 

C -2.8939 -0.2343 -4.9601 

H -0.5102 2.2739 -5.3203 

H -2.0699 2.1315 -6.1335 

H -2.2613 3.5619 -4.083 

H -4.2363 2.1765 -4.7667 

H -4.1665 2.3481 -3.0097 

H -3.4635 -0.0022 -5.8709 

H -2.8621 -1.3297 -4.8745 

H -4.6082 -0.0303 -3.6403 
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2.5.7 Spectra 

Figure 2.26. 1H NMR (500 MHz, CDCl3) of 2.1. 

 
Figure 2.27. 13C{1H} NMR (126 MHz, CDCl3) of 2.1. 
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Figure 2.28. 1H NMR (500 MHz, CDCl3) of 2.2. 

  
Figure 2.29. 13C{1H} NMR (126 MHz, CDCl3) of 2.2. 
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Figure 2.30. 1H NMR (500 MHz, CDCl3) of 2.8. 

 
Figure 2.31. 13C{1H} NMR (126 MHz, CDCl3) of 2.8. 
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Figure 2.32. 1H NMR (500 MHz, CDCl3) of 2.3. 

 
Figure 2.33. 13C{1H} NMR (126 MHz, CDCl3) of 2.3. 
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Figure 2.34. 1H NMR (500 MHz, CDCl3) of 2.4. 

 
Figure 2.35. 13C{1H} NMR (126 MHz, CDCl3) of 2.4. 
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Figure 2.36. 1H NMR (500 MHz, CDCl3) of 2.9. 

 
Figure 2.37. 13C{1H} NMR (126 MHz, CDCl3) of 2.9. 
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Figure 2.38. 1H NMR (500 MHz, CDCl3) of 2.5. 

 
Figure 2.39. 13C{1H} NMR (126 MHz, CDCl3) of 2.5. 

 

CDCl3 
DCM 

H2O 

CDCl3 



75 
 

Figure 2.40. 1H NMR (500 MHz, CDCl3) of 2.10. 

 
Figure 2.41. 13C{1H} NMR (126 MHz, CDCl3) of 2.10. 
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Figure 2.42. 1H NMR (500 MHz, CDCl3) of 2.6. 

 
Figure 2.43. 13C{1H} NMR (126 MHz, CDCl3) of 2.6. 
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Figure 2.44. 1H NMR (500 MHz, CDCl3) of 2.7. 

 
Figure 2.45. 13C{1H} NMR (126 MHz, CDCl3) of 2.7. 
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Figure 2.46. 1H NMR (500 MHz, CDCl3) of trans-ACB-2.1. 

 
Figure 2.47. 13C{1H} NMR (126 MHz, CDCl3) of trans-ACB-2.1. 
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Figure 2.48. 1H NMR (500 MHz, CDCl3) of cis-ACB-2.1. 

  
Figure 2.49. 13C{1H} NMR (126 MHz, CDCl3) of cis-ACB-2.1. 
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Figure 2.50. 1H NMR (500 MHz, CDCl3) of BCB-2.2. 

 

Figure 2.51. 13C{1H} NMR (126 MHz, CDCl3) of BCB-2.2. 
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Figure 2.52. 1H NMR (500 MHz, CDCl3) of elimination product of cis- / trans-ACB-2.3. 

 
Figure 2.53. 13C{1H} NMR (126 MHz, CDCl3) of elimination products of cis- / trans-ACB-2.3. 
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Figure 2.54. 1H NMR (500 MHz, CDCl3) of elimination product of BCB-2.3. 

 
Figure 2.55. 13C{1H} NMR (126 MHz, CDCl3) of elimination product of BCB-2.3. 
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Figure 2.56. 1H NOESY NMR (500 MHz, CDCl3) of elimination product of BCB-2.3. 
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Figure 2.57. 1H NMR (500 MHz, CDCl3) of elimination product of trans-ACB-2.4. 

 
Figure 2.58. 13C{1H} NMR (126 MHz, CDCl3) of elimination product of trans-ACB-2.4. 
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Figure 2.59. 1H NMR (500 MHz, CDCl3) of cis-ACB-2.4. 

 
Figure 2.60. 13C{1H} NMR (126 MHz, CDCl3) of cis-ACB-2.4. 
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Figure 2.61. IR (powder) of 2.1. 

 
 

 

 

 

 

 

 

Figure 2.62. IR (film) of 2.2. 
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Figure 2.63. IR (film) of 2.8. 

 
 

 

 

 

 

 

 

Figure 2.64. IR (film) of 2.3. 
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Figure 2.65. IR (film) of 2.4. 

 
 

 

 

 

 

 

 

Figure 2.66. IR (powder) of 2.9. 
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Figure 2.67. IR (film) of 2.5. 

 
 

 

 

 

 

 

 

Figure 2.68. IR (film) of 2.10. 
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Figure 2.69. IR (film) of 2.6. 

 
 

 

 

 

 

 

 

Figure 2.70. IR (film) of 2.7. 
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Figure 2.71. UV-Vis Spectra of 2.1: 0.01 mg/mL MeCN solution and 0.01 mg/mL 

nanocrystalline suspension at 0, 10, 20, and 30 minutes. 

 
Figure 2.72. UV-Vis Spectra of 2.2: 0.05 mg/mL MeCN solution and 0.05 mg/mL 

nanocrystalline suspension at 0, 10, 20, and 30 minutes. 
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Figure 2.73. UV-Vis Spectra of 2.3: 0.02 mg/mL MeCN solution and 0.02 mg/mL 

nanocrystalline suspension at 0, 10, 20, and 30 minutes. 

 
Figure 2.74. UV-Vis Spectra of 2.4: 0.025 mg/mL MeCN solution and 0.025 mg/mL 

nanocrystalline suspension at 0, 10, 20, and 30 minutes. 
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Figure 2.75. UV-Vis Spectra of 2.5: 0.05 mg/mL MeCN solution and 0.05 mg/mL 

nanocrystalline suspension at 0, 10, 20, and 30 minutes. 

 
Figure 2.76. Phosphorescence spectrum of 2.1: 0.01 mg/mL in methylcyclohexane at 77 K. 

 

 
 

 

0.0

0.2

0.4

0.6

0.8

1.0

225 275 325 375 425 475 525

A
b

s
o

rb
a

n
c
e
 (

A
U

)

Wavelength (nm)

Solution

0 min

10 min

20 min

30 min



94 
 

Figure 2.77. Phosphorescence spectrum of 2.2: 0.05 mg/mL in methylcyclohexane at 77 K. 

 
 

 

 

Figure 2.78. Phosphorescence spectrum of 2.3: 0.05 mg/mL in methylcyclohexane at 77 K. 
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Figure 2.79. Phosphorescence spectrum of 2.4: 0.05 mg/mL in methylcyclohexane at 77 K. 

 
 

 

 

Figure 2.80. Phosphorescence spectrum of 2.5: 0.05 mg/mL in methylcyclohexane at 77 K. 
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Figure 2.81. Transient absorption spectrum of 2.1: 0.01 mg/mL MeCN solution. 

 
 

Figure 2.82. Transient absorption spectrum of 2.1: 0.01 mg/mL nanocrystalline suspension. 

 
 

Figure 2.83. Transient absorption spectra of 2.3: 0.02 mg/mL MeCN solution. 
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Figure 2.84. Transient absorption spectra of 2.4: 0.025 mg/mL nanocrystalline suspension. 

 
 

Figure 2.85. Transient absorption spectra of 2.5: 0.05 mg/mL MeCN solution. 
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CHAPTER THREE 

 

Strongly Entangled Triplet Acyl-Alkyl Radical Pairs in Crystals of Photostable 

Diphenylmethyl-Adamantyl Ketones 
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3.1 Abstract 

 Radical pairs generated in crystalline solids by bond cleavage reactions of triplet ketones 

offer the unique opportunity to explore a frontier of spin dynamics where rigid radicals are 

highly entangled as the result of short inter-radical distances, large singlet-triplet energy gaps 

(EST), and limited spin-lattice relaxation mechanisms. Here we report the pulsed laser 

generation and detection of strongly entangled triplet acyl-alkyl radical pairs generated in 

nanocrystalline suspensions of 1,1-diphenylmethyl-2-ketones with various 3-admantyl 

substituents. The sought-after triplet acyl-alkyl radical pairs could be studied for the first time in 

the solid state by taking advantage of the efficient triplet excited state -cleavage reactions of 

1,1-diphenylmethyl ketones, and the slow rate of CO loss from the acyl radicals, which would 

have to generate highly unstable phenyl and primary alkyl radicals, or relatively unstable 

secondary and tertiary alkyl radicals. With the loss of CO prevented, the lifetime of the triplet 

acyl-alkyl radical pair intermediates is determined by intersystem crossing to the singlet radical 

pair state, which is followed by immediate bond formation to the ground state starting ketone. 
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Experimental results revealed biexponential kinetics with long-lived components that account for 

ca. 87–92% of the transient population and lifetimes that extend to the range of 53–63 s, the 

longest reported so far for this type of radical pair. Structural information inferred from the 

starting ketone will make it possible to analyze the effects of proximity and orientation of the 

singly occupied orbitals and potentially help set a path for the use of triplet radical pairs as qubits 

in quantum information technologies. 

 

3.2 Introduction 

Reactions in crystals provide unique opportunities to explore chemical kinetics and spin 

dynamics under conditions that are not possible in any other media.1-10 For example, using 

crystalline tetraarylacetones (3.1, R=CHAr2, Scheme 3.1), we have shown that pulsed laser 

excitation of nanocrystals suspended in water11 makes it possible to detect triplet radical pairs 

3RP-3.2 formed by the loss of CO, and to follow their subsequent decay to the corresponding 

photoproduct 3.2 (R=CHAr2).12 The reaction starts by electronic excitation (step 1) and is 

followed by intersystem crossing (step 2) to the triplet excited state (33.1*), which goes on to 

cleave an -bond (step 3) to form a strongly correlated triplet acyl-alkyl radical pair (3RP-3.1). 

When R=CHAr2 there is a rapid spin-conserving loss of CO to form a relatively long-lived triplet 

alkyl-alkyl radical pair 3RP-3.2 (step 4), which goes on to product, 3.2 (step 7), through the 

singlet radical pair 1RP-3.2 via a rate-limiting intersystem crossing step (step 6) shown to occur 

with time constants between 40 s to 90 s depending on Ar.13,14  
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Scheme 3.1. Photochemical reaction mechanism for diphenylmethyl-substituted ketones (top) 

and structures of ketones 3.1a–3.1d (bottom).  

 

 

 

These rather long lifetimes are a strong indication that short inter-radical distances 

enforced by molecular crystals and the ensuing large singlet-triplet energy gaps (EST) create an 

entangled spin system with limited intersystem crossing mechanisms.15-18 As indicated in Figure 

3.1, large EST values render intersystem crossing mechanism based on hyperfine electron-

nuclear interaction ineffective. Under these conditions, spin-orbit coupling is likely to operate 

even if the geometry of the singly occupied orbitals is not ideal and the closed shell electronic 

states are likely to be much higher in energy in a non- polar medium with a very low dielectric 

constant. Furthermore, short inter-radical distances and high radical asymmetry may lead to large 
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zero-field splitting (ZFS) parameters such that equilibration between the spaced triplet sublevels 

(TX, TY and TZ) may be less likely.  

Figure 3.1. Energetics of an -cleavage reaction in a triplet excited state crystalline ketone 

leading to the formation of a triplet acyl-alkyl radical pair 3RP-3.1 that is forced to remain within 

close to bond-distance proximity. The high rigidity and short inter-radical distance lead to a large 

ST energy gap and large zero-field-splitting (ZFS) that energetically separate the Tx, Ty and Tz 

triplet sublevels, all of which inhibits the mechanisms for intersystem crossing. 

 

 

Based on this analysis we expected triplet acyl-alkyl radical pair (3RP-3.1) to have 

significantly longer lifetimes in the solid state than in solution. An appealing feature of our 

hypothesis is that long-lived and well-characterized spin states are promising platforms for 

quantum information science (QIS). In fact, molecular triplets formed by thermal activation or 

photo-induced charge transfer mechanisms have shown promise as spin qubit pairs (SQPs).19-23 

By contrast, strongly interacting transient qubits resulting from photo-induced sigma bond 

cleavage reactions constitute an alternative platform that has never been explored. With that in 
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mind, useful photochemically responsive QIS materials should be able to (1) generate strongly 

entangled and spin-polarized triplet radical pairs upon the action of a short laser pulse,24 (2) favor 

conditions where the triplet radical pairs live sufficiently long for logic gate manipulation and 

readout using microwaves and/or optical methods, and (3) utilize a molecular unit which is 

reusable by virtue of the radical pair reforming the starting material so that the corresponding 

qubits may be available multiple times and upon demand. In this paper we explore a strategy 

based on the selection of the R group in Scheme 1 to prevent the formation of 3RP-3.2 in order to 

avoid product formation, and in the process explore the lifetime of the triplet acyl-alkyl radical 

pairs 3RP-3.1. It is known that strongly interacting triplet acyl-alkyl spin systems measured in 

short-chain biradicals have lifetimes that are much shorter than those of analogous dialkyl spin 

systems. A significant difference in the g-factor between the alkyl and acyl radical partners and 

greater spin orbit coupling (SOC) in the carbonyl-containing 3RP-3.1 provide intersystem 

crossing features that are not available to 3RP-3.2. In addition, a critical difference in the solid 

state as compared to solution comes from the short electron-electron distances and high rigidity 

of crystals, which also limit potential spin-lattice relaxation mechanisms.  

To prevent the chemical reaction and explore the lifetimes of acyl-alkyl radical pairs we 

selected the diphenylmethyl adamantyl ketones in Scheme 3.2. A diphenylmethyl substituent was 

chosen both to facilitate a fast and efficient -cleavage reaction, and to take advantage of the 

diphenylmethyl radical as a spectroscopic handle in pump-probe experiments carried out at 266 

nm with the fourth harmonic of a nanosecond Nd-YAG laser. We selected adamantane as a 

building block in ketones 3.1b–3.1d to impart crystallinity, and for the acyl radical generated 

upon light excitation to have a primary (3.1b), secondary (3.1c), or tertiary (3.1d) carbon at the 

 position.25 
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Acyl radicals with similar substituents in solution are known to lose CO with relatively 

long time constants of ca. 5 ms, 70 s and 1.9 s (Table 3.1).26,27 The tertiary radical that would 

be generated by decarbonylation of 3.1d would be at the bridgehead position of the adamantyl 

group, and therefore less stable than typical tertiary alkyl radicals.28 Ketone 3.1a is expected to 

generate a benzoyl radical with a completely different electronic structure that is essentially 

stable towards the loss of CO, with an extrapolated time constant of ca. 0.32 years at 298 K.27 

While the rate of reaction from 3RP-3.1 to 3RP-3.2 by the loss of CO is likely to be different in 

crystals, in the absence of product formation we should be able to determine the intersystem 

crossing kinetics of the spin-entangled 3RP-3.1.  

 

3.3 Results and Discussion 

The synthesis of each ketone began with reaction of commercially available 

diphenylmethane with n-butyllithium in tetrahydrofuran at 0 °C to form the corresponding 

lithium carbanion.29 The appropriate acid chloride was added dropwise after stirring for 30 

minutes. Acid chlorides were obtained by treatment of the corresponding acetic acid derivative 

with oxalyl chloride.30 All four ketones were obtained in isolated chemical yields varying 

between 16% and 60%. Colorless crystals of 3.1a–3.1d were obtained by slow evaporation from 

ethanol and melting points were shown to vary from ca. 66.5 °C in the case of 3.1a up to104.4 

°C in the case of 3.1d, which makes them suitable for solid state spectroscopic measurements at 

ambient temperature. 
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Table 3.1. Melting points, radical pair lifetimes, and acyl radical decarbonylation rates for 

ketones 3.1a–3.1d. 

Ketone R m.p. (°C) Lifetimes (s) MeCN / Solid a 
-CO 

(s)c 

3.1a Ph 66.5–67.9 
1.3 / 

0.6, 1.5 (97)b 
~1013 d 

3.1b 1-Adam 102.3–103.2 
1.2 / 

2.3, 53 (92)b 
~5000d 

3.1c 2-Adam 89.4–89.7 
1.2 / 

3.5, 61 (87) b 
70 

3.1d 3-Adam 104.4–105 
1.2 / 

1.8, 63 (87) b 
1.9 

aMeasurements in solids were carried out in aqueous nanocrystalline suspensions. bPercentage of 

radical decay accounted for by the long-lived component. cDecarbonylation rates for analogous 

free acyl radical that generate phenyl, primary, secondary and tertiary alkyl radicals.26,27 

dMeasurements made in gas phase. 

 

A single crystal of 3.1d obtained from the ethanol recrystallization was analyzed by X-

ray diffraction and the structure was solved in the monoclinic space group P21/c with two 

molecules with nearly identical conformations in the asymmetric unit.  The structure of one of 

the two molecules in the crystal shown in Figure 3.2 has normal bond lengths and bond angles 

with a conformation characterized by having one of the C-C bonds of the adamantane group 

nearly eclipsed with the carbonyl group, as indicated by a dihedral angle of 1.56°, while the -C-

H bond is oriented almost anti-periplanar to the C=O group, with a dihedral angle of -171.51°.   

As indicated in the figure, the -cleavage reaction is expected to occur at the weakest C-C-bond, 

between the carbonyl carbon and the diphenylmethyl group carbon, which in the ground state has 

a normal bond length of 1.54 Å.  It is worth pointing out that the dihedral angle between the 

plane of one of the aromatic rings and the cleaving C-C bond vector are close to orthogonal 

[D=105.7°], which is necessary for alkyl radical to experience benzylic stabilization.   
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Figure 3.2. (Top left) Molecular structure of 3.1d determined by single crystals X-ray 

diffractions analysis, and (Top right) line formula representation of the triplet acyl-alkyl biradical 

highlighting the close proximity between the unpaired electrons. (Bottom) Space-filling model of 

the packing structure of ketone 3.1d showing that significant separation and re-hybridization of 

the two radical centers are unlikely. 

 

 

 

Nanocrystalline suspensions of each ketone were prepared by dropwise addition of 

acetonitrile stock solutions into vortexing Millipore water containing cetrimonium bromide 

(CTAB) surfactant at ca. 4% of the critical micelle concentration.31 Slightly turbid suspensions 

obtained in this manner were analyzed by DLS, which revealed particle size distributions 

centered around 100–300 nm for each derivative as indicated in the Section 3.5.4.  Powder X-ray 

diffraction (PXRD) of each ketone measured with bulk solids as well as centrifuged 

nanocrystalline suspensions confirmed the same crystal polymorph. The corresponding PXRD 
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patterns for 3.1d are shown in Figure 3.3 as a representative example and the data for the other 

derivatives can be found in Section 3.5.4. 

Figure 3.3. Powder X-ray diffractogram of 1-((3r,5r,7r)-adamantan-1-yl)-2,2-diphenylethan-1-

one (3.1d) in bulk solid (bottom), nanocrystalline suspensions (middle), and the simulated 

pattern from the single-crystal X-ray structure (top). 

 

 

The strict solid-state photostability of crystalline ketones 3.1a–3.1d was confirmed by 

extended exposure (up to 24 h) to UV light from a 500 W Hanovia medium-pressure mercury 

lamp, under conditions where complex reaction mixtures were obtained in solution. Interestingly, 

-adamantyl ketone 3.1b displayed no formation of Norrish-Yang cyclization products in the 

solid state, despite the presence of abstractable adamantane -hydrogen atoms,32 highlighting a 

significant kinetic preference for the -cleavage reaction. Pump-probe experiments in solution 

and in nanocrystalline suspension were conducted with a single pass flow system. Solution 

samples were sparged with argon or nitrogen gas for one hour in order to remove dissolved 
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oxygen. In the case of the nanocrystalline suspensions, DLS data was used to verify that 

suspensions remained stable for the duration of the pump-probe laser experiments. As shown in 

Figure 3.4 for ketone 3.1c, and as indicated in Table 3.1 for all four ketone samples, both 

solution and nanocrystalline suspensions produced a transient with a max in the range of 320–

340 nm that is consistent with the expected diphenylmethyl radical. The spectrum obtained with 

nanocrystalline suspensions (Figure 3.4, bottom) showed a substantially reduced intensity below 

320 nm as a result of a large increase in light scattering and decreased transmittance at the 

shorter wavelength region.  

Similar solution transients were observed for all four ketones and decay measurements at 

330 nm were shown to occur with a time constant  = 1.2–1.3 s that is assigned to free radicals 

formed by rapid separation of the original radical pair followed by subsequent recombination. 

Analogous kinetic measurements carried out with nanocrystalline suspensions at max ≈ 330 nm 

could be fit using a double exponential function with a small (3-13%) population of a short-lived 

component and a larger contribution (97-87%) from longer-lived triplet radical pairs. Notably, 

the intersystem crossing kinetics from the electronically different diphenylmethyl-benzoyl triplet 

radical pair from 3.1a are substantially different from those observed with the diphenylmethyl-

acyl radical pairs from adamantyl ketones 3.1b–3.1d.  While the solution and solid-state kinetics 

of triplet radical pairs from ketone 3.1a are very similar, with lifetimes that vary from 1.3 s to 

1.5 s, the corresponding values in the case of 3.1b–3.1d change from 1.2 s in solution, to short 

and long-lived components of 2.3 and 53 s for 3.1b, 3.5 and 61 s for 3.1c, and 1.8 and 63 s 

for 3.1d. 
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Figure 3.4. Transient absorption spectra of 1-((1r,3r,5r,7r)-adamantan-2-yl)-2,2-diphenylethan-1-

one (3.1c) in acetonitrile solution (top) and in aqueous nanocrystalline suspension (bottom). The 

fitted exponential decay curves in the insets were used to determine the lifetimes of the transient 

absorption signals. 

 

 

 

We were able to confirm that the short-lived component observed with nanocrystalline 

suspensions does not originate from a small amount of sample in solution. The observed 

transient and the decay kinetics were not affected by oxygen, which would have trapped free 

radicals in solution. Furthermore, 1H NMR analysis of recovered samples showed only starting 
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material. It is possible that the short-lived component may arise from molecules in less rigid sites 

either at the surface or at defect sites, but we cannot discount that different triplet radical pair 

sublevels formed by state-selective intersystem crossing in the starting ketone may have access 

to different intersystem crossing mechanisms.33-38 

The first key observation from the data shown in Table 3.1 is the remarkable difference 

between the benzoyl-alkyl radical pair in 3.1a and the acyl-alkyl radical pairs in 3.1b–3.1d. The 

second most notable observation pertains to the unprecedented long lifetime for an acyl-

containing radical pair state. We will center our attention on the long-lived ca. 50–60 s 

components for ketones 3.1b–3.1d, which account for the majority of the transients formed and 

compare them with solution and gas phase decarbonylation lifetimes drawn from the literature 

for analogous acyl radicals26,27 (Table 3.1). An important conclusion from ketone 3.1d is that the 

rate of decarbonylation in the solid state is much smaller than that in solution. This can be shown 

by comparing the decarbonylation rate of 1.9 s in solution with a time constant for intersystem 

crossing of 63 s in the crystalline state. Given that no photoproducts are observed by 1H NMR, 

we take an upper bound of 1% decarbonylation to estimate a lower bound for the time constant 

of this bond-cleavage reaction. This analysis assumes that each molecule in the sample accesses 

the 3RP-3.1 state at least once, which we believe to be a conservative estimate based on 

comparison with an analogous sample of dicumylketone (with a known solid-state quantum yield 

of  = 0.2), which is completely converted to the corresponding photoproduct under the same 

experimental conditions. If our assumption holds, the time constant for the decarbonylation 

reaction (step 4, Scheme 3.1) must be at least two orders of magnitude greater than that of the 

intersystem crossing step 5 in Scheme 3.1. Thus, a long-lived transient with a time constant of 63 

s for the decay of the radical pair from 3.1d implies a decarbonylation time constant of at least 
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6.3 ms. This lower bound value demonstrates that the crystalline solid state can drastically 

lengthen the decarbonylation lifetime by more than 3 orders of magnitude. 

The lifetime enhancement observed in the solid state for the radical pairs featuring 

aliphatic acyl radicals (3.1b–3.1d) is consistent with reports of restricted radical pairs and 

biradicals exhibiting longer lifetimes in the solid state than in solution.39-43 The structural rigidity 

and least-motion character of reactions in solids suggested by the topochemical postulate44 

suggest that it is reasonable to analyze the lifetime enhancement in terms of structural parameters 

of the ketone molecular and crystal structure.45,46 Thus, assuming that the acyl radical resides in 

an sp2 orbital, the two singly occupied orbitals would remain in the original orientation of the 

sigma bond after the -cleavage step, co-aligned and close to the ketone -bond-length distance 

of 1.54 Å. As mentioned before and suggested in Figures 3.1 and 3.2, the proximity of the two 

radical centers is expected to result in large zero-field splitting and a large singlet-triplet energy 

gap. Considering that energy must be conserved when there is a change in spin angular 

momentum, the large energy gap between singlet and triplet states poses a challenge for the 

intersystem crossing step.  Furthermore, considering that the open-shell singlet should be ideally 

poised for bond formation, it is reasonable to expect that dephasing and equilibration between 

the T0 and S radical pair states, potentially facilitated by the relatively different g-factors of the 

two radical centers, should be very unlikely.  An alternative mechanism based on coupled 

electron-nuclear spin-flips determined by hyperfine coupling (HFC) interactions are known to be 

effective when the S-T gap is relatively small, at relatively long inter-radical distances. Spin-

flipping mechanisms caused by the dynamic modulation of magnetic fields through spin-lattice 

relaxation requires fast molecular dynamics, such as the spin-rotation interaction or solvent 

motion,47,48 which are ineffective under the rigidity of the crystal lattice. Finally, while it may be 
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expected that the most efficient ISC mechanism for a triplet radical pair in a crystalline solid will 

be based on spin-orbit coupling (SOC), it is anticipated that the collinear arrangement of the two 

singly occupied orbitals will be unfavorable, as there is a limited change in angular momentum 

mediated by electron exchange and/or mixing of zwitterionic states.15-17 While there is much 

work to be done to ascertain the initial polarization, spin sublevel equilibration, and relative 

contributions of the different ISC mechanisms, it is clear that the restrictions imposed by the 

crystal lattice are able to maintain these spin systems for much longer times than any other 

medium.  To the best of our knowledge, the long-lived component of the 3RP-3.1 state of 

ketones 3.1b–3.1d (53-63 s) are the longest lifetimes for an acyl-alkyl triplet biradical or radical 

pair reported to date, with previous lifetimes reaching no more than ca. 5.5 s.28,49-54 Further 

studies based on magnetic resonance methods such as CIDEP will yield significantly more 

detailed information on the nature and properties of these interesting qubit pairs. 

 

3.4 Conclusion 

Using four ketones with a diphenylmethyl group on one side and either phenyl, or alkyl 

groups derived from adamantane on the other, the lifetimes of acyl-alkyl radical pairs in the 

crystalline solid state were measured for the first time. It was shown that the crystal lattice 

environment substantially enhances the lifetime of the triplet radical pairs, as they remain 

entangled by over an order of magnitude as compared to analogous biradicals in solution. 

Assuming that formation of a sigma bond occurs as soon as the singlet radical pairs are formed, 

the long triplet radical pair lifetimes highlight the importance of molecular and solvent dynamics 

on the rate and efficiency of ISC mechanisms. While these results are extremely interesting and 

promising within the context of quantum information systems, it will be essential to explore the 
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complementary magnetic detection and analysis of the triplet radical pairs24 to confirm the 

multiplicity of the optical signal carriers, their polarization and spin dynamics, including the 

unlikely possibility of reversible triplet-singlet dephasing mediated by the different g-factor of 

the acyl and alkyl radical centers. These studies will take advantage of magnetic resonance 

methods, including chemically induced dynamic nuclear polarization (CIDEP).  

 

3.5 Experimental Section 

3.5.1 Materials and Methods 

All commercially obtained reagents and solvents were used as received without further 

purification. Unless stated otherwise, reactions were conducted in oven-dried glassware under 

argon atmosphere. 1H NMR spectra were recorded at 500 MHz, and 13C NMR spectra were 

recorded at 126 MHz. All chemical shifts are reported in ppm on the -scale relative to TMS ( 

0.0) using residual solvent as reference (CDCl3  7.26 and  77.16 for proton and carbon, 

respectively, CD3CN  1.94 and  118.26 for proton and carbon, respectively. High-resolution 

mass spectra were recorded on a DART spectrometer in positive (ESI+) ion mode. UV-Vis 

absorption and transmission spectra were recorded on Ocean Optics spectrometer (DT-MINI-2-

GS UV-VIS-NIR LightSource and USB2000+ using SpectraSuite software package). Dynamic 

Light Scattering (DLS) data were recorded using a Beckman-Coulter N4 Plus particle analyzer 

with a 10 mW helium-neon laser at 632.8 nm. The particle size was determined using the 62.6° 

detection angle and was calculated using the size distribution processor (SDP) analysis package 

provided by the manufacturer. Melting point values were recorded on a Melt-Point II® 

apparatus. Infrared spectra were recorded on a PerkinElmer® Spectrum Two spectrometer 

equipped with a universal ATR sampling accessory. Nanosecond transient absorption 
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experiments were performed using Laser Flash Photolysis instrument from Edinburgh 

Instruments in conjunction with a Nd:YAG laser (Brilliant b, Quantel®) with 266-nm output, 4–

6 ns pulse width and 36–40 mJ pulse energy. The optical detection is based on a pulsed Xenon 

arc lamp (450 W), a monochromator (TMS300, Czerny-Turner), a photomultiplier detector 

(Hamamatsu R928) and a digital oscilloscope (TDS3012C, 100 MHz and 1.25 GS/s from 

Tektronix). The laser flash photolysis experiments were performed with 1 cm quartz flow cell 

mounted on a home-built sample holder that is placed at the cross-section of the laser incident 

beam and the probe light. Acetonitrile solutions (continuously sparged with argon) or crystalline 

suspensions of ketones (2.5 mg/L) were flown through the quartz cell using a peristaltic pump 

(Masterflex L/S) at a rate of 1.6–3.2 mL/min. Due to aggregation fresh samples in batches of 20 

mL were made for the crystalline suspensions every 10 minutes. Time-resolved absorption maps 

were recorded with continuous flow of samples through the quartz cell. Data was collected at 10 

nm intervals from 310 nm to 400 nm, and the spectra were constructed and smoothed with 

Origin software. Lifetimes at max for end-of-pulse spectra were reproducible and doubly 

verified/processed with Edinburgh Instruments L900 internal software and Igor Pro software. 

The parameters under the detector monochromator settings are as follows: the ketones were 

observed at the corresponding max in solution (320–330 nm) and in crystalline suspensions 

(330–340 nm), and the band width was set between 1.00 to 3.00 nm. The flash lamp settings 

were set with the frequency at 10 Hz, width at 40 s, and delay at 4000 s. The Q-switch settings 

were set with the frequency at 1.0 Hz, width at 20 s, and delay between 260–300 s. 
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3.5.2 Experimental Procedures 

All solid-state photochemistry product analysis was conducted via irradiation with a 

medium-pressure Hg Hanovia lamp with a pyrex immersion well filter with a cutoff of  ≤ 290 

nm and analyzed by 1H NMR (500 MHz, CDCl3). Samples are ground between two microscope 

slides which are then subjected to UV irradiation inside the lamp chamber. All solution state 

photochemistry product analysis was conducted in the same manner with samples dissolved in 

MeCN.  

The synthesis of several commercially available acid chlorides was performed according 

to literature precedent with slight modifications.30 In a flame-dried, argon filled round-bottom 

flask, the corresponding carboxylic acid (1 eq) was stirred under dry DCM (15 eq) and treated 

with oxalyl chloride (1.1 eq). The reaction was allowed to stir for 20 minutes, then treated with 

dry dimethylformamide (0.01 eq). After the formation of gas ceases the reaction was allowed to 

react further for 2 hours. The solvents were removed under reduced pressure. The resulting liquid 

is then stored in a vial for the proceeding steps.  

The synthesis of ketones 3.1a–3.1d was performed using a modified procedure by Rajca 

et al.29, in a flame-dried, argon filled round-bottom flask, acid chloride (0.5 eq) in THF was 

added over 5 minutes to a 5:1 THF/hexane solution of (diphenylmethyl)lithium (2.5 eq) stirring 

at 0 °C. The reaction undergoes a color change from a light orange-red to a deep dark red. After 

1 hour, the remaining acid chloride (0.5 eq) in THF was added over 5 minutes. The reaction was 

warmed to room temperature and stirred overnight. The reaction was quenched with 0.5 M HCl, 

extracted with diethyl ether (3 X 20 mL) and dried over Na2SO4. The solvents were removed 

under reduced pressure and the residual material was subjected to column chromatography (9:1 

hexanes:acetone → 4:1 hexanes:acetone). The resulting crystalline solids were further 
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recrystallized from ethanol (19–60% yield). Molecular characterization data of 3.1a–3.1d is 

tabulated below. 

1,2,2-triphenylethan-1-one (3.1a): Yield 65%; Rf  = 0.42 (19:1 hexanes:ethyl acetate);  

m.p. 66.0–67.0 °C; IR (neat): 3085, 3060, 3026, 2924, 2854, 1684, 1596, 1495, 1447, 1207, 

1007, 745, 696 cm-1; 1H NMR (500 MHz, CDCl3)  8.00 (m, 2H), 7.51 (m, 1H), 7.40 (m, 2H), 

7.34–7.23 (m, 10H), 6.04 (s, 1H); 13C{1H} NMR (126 MHz, CDCl3)  198.2, 139.1, 136.8, 

133.1, 129.2, 129.0, 128.7, 128.6, 127.2, 59.4. HRMS (DART) calculated for [C20H16O+H]+ 

273.1274, found 273.1262. 

3-((3r,5r,7r)-adamantan-1-yl)-1,1-diphenylpropan-2-one (3.1b): Yield 40%; Rf  = 0.44 

(19:1 hexanes:ethyl acetate); m.p. 102.3–103.2 °C; IR (neat): 3027, 2903, 2841, 1707, 1495, 

1450, 1083 cm-1; 1H NMR (500 MHz, CDCl3)  7.32 (m, 4H), 7.24 (m, 6H), 5.08 (s, 1H), 2.28 

(s, 2H), 1.94 (s, 3H), 1.65 (m, 12H); 13C{1H} NMR (126 MHz, CDCl3)  207.8, 138.4, 129.1, 

128.6, 127.1, 66.2, 55.9, 42.4, 36.8, 33.9, 28.6; HRMS (DART) calculated for [C25H28O+H]+ 

345.2213, found 345.2197. 

1-((1r,3r,5r,7r)-adamantan-2-yl)-2,2-diphenylethan-1-one (3.1c): Yield 19%; Rf  = 

0.44 (19:1 hexanes:ethyl acetate);  m.p. 89.4–89.7 °C; IR (neat): 3061, 2905, 2848, 1700, 1495, 

1447, 1093, 1028 cm-1; 1H NMR (500 MHz, CDCl3)  7.30 (m, 5H), 7.24 (m, 5H), 5.40 (s, 1H), 

2.75 (s, 1H), 2.39 (s, 2H); 1.82 (m, 10H), 1.55 (m, 2H); 13C{1H} NMR (126 MHz, CDCl3)  

210.7, 139.1, 128.9, 128.6, 127.0, 60.6, 57.1, 38.5, 37.3, 33.1, 29.6, 27.7, 27.5; HRMS (DART) 

calculated for [C24H26O+H]+ 331.2056, found 331.2041. 

1-((3r,5r,7r)-adamantan-1-yl)-2,2-diphenylethan-1-one (1d): Yield 55%; Rf  = 0.41 

(19:1 hexanes:ethyl acetate);  m.p. 104.4–105.0 °C; IR (neat): 3051, 2910, 2848, 1700, 1494, 

1445, 1348, 1021 cm-1; 1H NMR (500 MHz, CDCl3)  7.28 (m, 4H), 7.22 (m, 6H), 5.62 (s, 1H), 
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2.02 (s, 3H), 1.83 (m, 6H) 1.74-1.64 (m, 6H); 13C{1H} NMR (126 MHz, CDCl3)  212.5, 139.4, 

128.9, 128.5, 126.9, 56.7, 47.9, 38.2, 36.5, 27.9. HRMS (DART) calculated for [C24H26O+H]+ 

331.2056, found 331.2065. 

 

3.5.3 Photoproduct Analysis by 1H NMR 

Figure 3.5. 1H NMR photoproduct analysis for 3.1a. 
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Figure 3.6. 1H NMR photoproduct analysis for 3.1b. 

 

 
 

 

Figure 3.7. 1H NMR photoproduct analysis for 3.1c. 
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Figure 3.8. 1H NMR photoproduct analysis for 3.1d. 

 

 
 

3.5.4 Characterization of Nanocrystalline Suspensions 

Figure 3.9. PXRD Data for 3.1a. 
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Figure 3.10. PXRD Data for 3.1b. 

 
 
 
 
 

Figure 3.11. PXRD Data for 3.1c. 
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Figure 3.12. PXRD Data for 3.1d. 

 
 
 

Figure 3.13. Dynamic Light Scattering Data for Nanocrystalline Suspension of 3.1a. 
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Figure 3.14. Dynamic Light Scattering Data for Nanocrystalline Suspension of 3.1b. 

 

 

Figure 3.15. Dynamic Light Scattering Data for Nanocrystalline Suspension of 3.1c. 

 

 

Figure S31. Dynamic Light Scattering Data for Nanocrystalline Suspension of 1c. 
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Figure 3.16. Dynamic Light Scattering Data for Nanocrystalline Suspension of 3.1d. 

 

3.5.5 Crystallographic Data 

Figure 3.17. Crystal structure of 3.1d with thermal ellipsoids drawn at the 50% probability level. 
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Table 3.2. Selected parameters of the crystal structure of 3.1d. 

 

Space Group P21/c 

a (Å) 11.1701 

b (Å) 13.5652 

c (Å) 23.6838 

 (o) 90 

 (o) 91.020 

 (o) 90 

Z 8 

Volume (Å3) 3588.11 

GoF 1.022 

R (%) 4.11 

Rw (%) 10.24 
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3.5.6 Spectra 

Figure 3.18. 1H NMR (500 MHz, CDCl3) of 3.1a. 

  

Figure 3.19. 13C{1H} NMR (126 MHz, CDCl3) of 3.1a. 
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Figure 3.20. 1H NMR (500 MHz, CDCl3) of 3.1b. 

 
 

 

Figure 3.21. 13C{1H} NMR (126 MHz, CDCl3) of 3.1b. 
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Figure 3.22. 1H NMR (500 MHz, CDCl3) of 3.1c. 

 
 

Figure 3.23. 13C{1H} NMR (126 MHz, CDCl3) of 3.1c. 
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Figure 3.24. 1H NMR (500 MHz, CDCl3) of 3.1d. 

 
 

Figure 3.25. 13C{1H} NMR (126 MHz, CDCl3) of 3.1d. 

 

Figure 3.24. 1H NMR (500 MHz, CDCl3) of 3.1d. 
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Figure 3.26. UV-Vis spectra of 3.1a. 

 
 

 

 

 

Figure 3.27. UV-Vis spectra of 3.1b. 
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Figure 3.28. UV-Vis spectra of 3.1c. 

 
 

 

 

 

Figure 3.29. UV-Vis spectra of 3.1d. 
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Figure 3.30. Transient absorption spectrum of 3.1a in MeCN solution. 

 

 
 

 

 

 

Figure 3.31. Transient absorption spectrum of 3.1b in MeCN solution. 
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Figure 3.32. Transient absorption spectrum of 3.1c in MeCN solution. 

 

 
 

 

 

 

Figure 3.33. Transient absorption spectrum of 3.1d in MeCN solution. 
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Figure 3.34. Transient absorption spectrum of 3.1a in nanocrystalline suspension. 

 

 
 

 

 

 

Figure 3.35. Transient absorption spectrum of 3.1b in nanocrystalline suspension. 
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Figure 3.36. Transient absorption spectrum of 3.1c in nanocrystalline suspension. 

 
 

 

 

 

 

Figure 3.37. Transient absorption spectrum of 3.1d in nanocrystalline suspension. 
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CHAPTER FOUR 

 

Gomberg’s Radical Arrested: Exceptionally Long Lifetimes of Radical Pairs  

Containing the Trityl Radical in the Crystalline Solid State 

 

4.1 Abstract 

 Triplet acyl-alkyl radical pairs generated by pulsed laser excitation in crystalline solids 

were recently introduced as a promising platform for repeated instantiation of spin qubit pairs for 

quantum computing applications. Given a particular construction of the radical pair precursor 

along with the constraints on intersystem crossing imposed by the crystal lattice environment, the 

lifetimes of these photochemical intermediates are in principle sufficient for utilization as qubit 

pairs under ambient conditions. In this Chapter we report on the photophysics and 

photochemistry of a series of ketones containing the trityl radical first discovered by Moses 

Gomberg. A subset of these ketones generate trityl-benzoyl radical pairs which demonstrate 

exceptional performance along multiple dimensions crucial for quantum computing applications, 

including triplet lifetimes in excess of 4 ms. 

 

4.2 Introduction 

The nature of the radical pair intermediates generated in the solid-state photochemical 

reaction of diphenylmethyl ketones presented in Chapter 3 demonstrated that these ketones are a 

novel and promising platform for repeated generation of qubit pairs, and therefore merit further 

investigation and optimization by chemical modification of the ketone substituents.  
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In order to further enhance the lifetime of an acyl-alkyl radical pair, we sought to 

investigate a series of trityl-containing ketones. Upon irradiation, it would be expected that an 

acyl-alkyl radical pair would be generated in which the alkyl radical is the iconic Gomberg 

(trityl) radical. A representative photochemical mechanistic scheme for the reaction of a generic 

trityl ketone A is shown in Scheme 4.1. Following electronic excitation and ISC (steps 1 and 2), 

an -cleavage reaction yields the triplet acyl-alkyl radical pair 3RP-A. Depending on the relative 

rates of decarbonylation (step 4) vs. ISC (step 5), this radical pair can form radical pairs 3RP-B 

or 1RP-A, respectively. In the solution phase, any of these radical pairs might diffuse apart, 

leading to nonspecific recombination and disproportionation events. However, in the crystalline 

solid state, the crystal lattice (as represented by the blue dotted line in Scheme 4.1) acts as a 

steric barrier to diffusion as well as conformational dynamics of the radical species.1 As such, 

1RP-A would be expected to rapidly recombine (step 8) to reform the starting ketone A, while 

3RP-B would form the decarbonylation product B following ISC to 1RP-B.  

Scheme 4.1. Photochemical reaction mechanism for trityl-substituted ketones. 
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The investigation of this series of ketones was inspired both by the unique properties of 

the trityl radical as well as results from a previous report from our group. In 1900, Moses 

Gomberg reported on his attempts to prepare hexaphenylethane, which included the first report 

of an organic free radical (the triphenylmethyl or trityl radical).2 While many conclusions 

contained in the report were later disproven, Gomberg was correct that some of his reactions 

were forming the trityl radical, and that it is an unusually stable radical species. This is due to the 

stability imparted by conjugation of the triply-benzylic radical center as well as the steric 

hindrance that is imposed on any recombination or disproportionation reaction. In fact, the 

primary recombination product of two trityl radicals was later shown to be the result of 

recombination through the para position of one of the radicals rather than direct recombination 

to form hexaphenylethane as Gomberg originally proposed, as shown in Scheme 4.1.3  

Scheme 4.2. Recombination pathways for a pair of trityl free radicals in solution. 

 

 

In the previous report from our lab, the trityl group was shown to enable 

photodecarbonylation of the acyl-trityl radical pair, even when the decarbonylation step would 

form a highly unstable primary alkyl radical.4 These conclusions were drawn from photoproduct 

analysis studies, with no direct evidence for the existence and lifetime of the proposed acyl-alkyl 

radical pair species. However, the results suggested that the radical pair should have a sufficient 

lifetime to allow the slow kinetics of decarbonylation toward an unstable radical to compete with 

the rate of radical pair recombination.  
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In this study, we report the transient absorption spectra and radical pair lifetimes from a 

set of eight trityl ketones (4.1–4.8 in Scheme 4.3) in acetonitrile solutions and nanocrystalline 

suspensions. We first investigated a subset of the compounds which were the subject of our 

previous report (4.1–4.4). When laser flash photolysis (LFP) studies on the photostable trityl 

phenyl ketone 4.4 revealed a radical pair lifetime in excess of 4 ms, additional derivatives were 

synthesized to determine whether this lifetime could be modulated by various substituent effects. 

While 4.4 retained the longest radical pair lifetime, it was shown that substituent effects on the 

aromatic unit can be used as a method to tune the radical pair lifetime. 

Scheme 4.3. Structures and melting points of ketones 4.1–4.8. 

 

 

Taken together, the properties of the aromatic trityl ketones (4.4–4.8) make them even 

more promising candidates for use in quantum information science (QIS) than those presented in 

Chapter 3 according to the optimal characteristics described in Section 3.2. By virtue of the 

origination of both unpaired electrons from a single bonding orbital and their proximity in the 

crystal lattice, the radical pairs formed following electronic excitation, ISC, and -cleavage from 

these ketones would be spin entangled triplet radical pairs.5 The radical pair lifetimes in the 

crystalline solid state reach up to 4 ms (topping the previous record for an acyl-alkyl radical pair 
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by almost two orders of magnitude) and can be tuned by chemical modification of the substrate. 

These lifetimes should afford ample time for logic gate manipulation and readout, and the 

tunability could enable variable clock rates for the qubit pair.6 Finally, these ketones are 

photostable in the solid state, meaning that the triplet radical pair always recombines to reform 

the starting ketone (steps 1, 2, 3, 5, 8 in Scheme 4.1), and are therefore, in principle, infinitely 

reusable for the repeated generation of the qubit pair. 

 

4.3 Results and Discussion 

4.3.1 Synthesis and Characterization 

Ketones 4.1–4.8 were synthesized from the corresponding alcohols (4.1a–4.8a) by Jones 

oxidation. The alcohols were prepared by addition of the appropriate aldehyde into a solution of 

triphenylmethyllithium at 0 °C. Following column chromatography and recrystallization from 

ethanol, compounds 4.1–4.7 were isolated as colorless, crystalline solids. Compound 4.8 was 

isolated as pale yellow crystals after recrystallization from ethanol. The full description of 

synthetic procedures and the data from complete experimental and spectral characterization of 

4.1a–4.8a and 4.1–4.8 can be found in Sections 4.5.2 and 4.5.4.  

Single-crystal X-ray structures of 4.1 and 4.2 have been previously reported.4 Crystals of 

4.6 and 4.8 obtained from the ethanol recrystallizations were subjected to SCXRD analysis to 

obtain the crystal structures shown in Figure 4.1 as representative examples for the molecular 

conformations adopted by the aromatic ketones 4.4–4.8. The crystal structure of 4.8 shows slight 

disorder, with a population of molecules in the crystal in which the carbonyl group is rotated 

very slightly out of plane, along with a slight shift in the position of the naphthalene group. 

Interestingly, this does not extend to any disorder in the position of the trityl group.  
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X-ray diffraction quality crystals for each compound other than 4.3 were obtained, so that 

additional structural information may be available if needed. There are cases in which the precise 

molecular conformation within the crystal plays a significant role in photochemical reactivity.7,8 

However, in this case we assume that the crucial feature of the crystalline solid state is simply to 

contain the radical pair within a close-packed environment in order to limit conformational 

dynamics that would enable various ISC mechanisms. Regardless of the conformation, the trityl 

group should allow the initial -cleavage event to occur, and the extremely slow decarbonylation 

rate for a benzoyl radical, as noted in Table 3.1, should prevent decarbonylation, also regardless 

of the molecular conformation.  

Figure 4.1. Single-crystal X-ray diffraction structures of 4.6 and 4.8, with thermal ellipsoids 

drawn at the 50 % probability level. 

 

 

4.3.2 Solution and Solid-State Photochemistry 

Photoproduct analysis studies were conducted for each ketone in acetonitrile solution and 

solid-state samples (powder and aqueous suspension). In each case, all 8 samples were irradiated 

simultaneously for 30 min. with a 450 W medium pressure mercury lamp. Solution samples were 

prepared as equimolar solutions of (~5 mg/mL) in degassed MeCN-d3 in NMR tubes. Powder 
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samples were ground between microscope slides (approximately 5 mg spread over around 2 

square inches). Aqueous suspension samples were prepared by the reprecipitation method to give 

equimolar suspensions (~0.5 mg/mL) with 9:1 H2O:MeCN solvent composition.9 Following 

photoproduct analysis of these samples by 1H NMR, conversion percentages were determined as 

shown in Table 4.1.  

Conversion in solution was determined by comparison of diagnostic peaks relative to the 

residual MeCN signal before and after irradiation. Characterization of photoproducts in the crude 

product mixture was not attempted, but is likely a mixture of the various recombination products 

possible for the acyl (or the alkyl radical following decarbonylation) and triphenylmethyl free 

radicals. Post-irradiation 1H NMR samples from powder irradiation gave spectra which indicated 

clean conversion to the photodecarbonylation products (B in Scheme 4.1) for 4.1–4.3, and no 

conversion for 4.4–4.8. Conversion percentages in aqueous suspension were determined by 

comparison of diagnostic aromatic peaks from the starting material relative to that of the total 

integration of all aromatic signals in the post-irradiation spectrum. It should be noted that the 

aqueous suspension samples were prepared at much lower concentration relative to solution 

samples in order to prevent aggregation of suspended material. As a result, conversion 

percentages for the aqueous suspensions of many of the ketones was larger than that of the 

corresponding solution samples, as shown in Table 4.1. The identical preparation method for 

each sample type allows for meaningful comparison of conversion percentages within each 

sample category, but the differences in concentrations (and therefore optical densities) between 

the different sample categories renders comparisons between them for a single compound less 

valid.  
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Table 4.1. Photochemical percent conversion in solution, powder, and  

aqueous suspension samples of 4.1–4.8. 

Ketone 
% Conversion 

(Powder) 

% Conversion 

(Aqueous Suspension) 

% Conversion 

(MeCN-d3 Solution) 

4.1 2.6 36 22 

4.2 13 43 61 

4.3 37 75 68 

4.4 0 32 17 

4.5 0 28 29 

4.6 0 51 22 

4.7 0 43 25 

4.8 0 19 41 

 

The observation of photochemical reactivity for 4.4–4.8 in the aqueous suspension 

samples indicates that some portion of the sample does not exist in the crystalline solid state (or 

that there is an equilibrium between crystalline and solvated material) by comparison to the lack 

of reactivity observed for the corresponding powder samples. This may be the result of the 

relatively high percentage of acetonitrile used to prepare the suspensions, which was necessitated 

by a combination of limited acetonitrile solubility for some compounds and the need to obtain 

enough material by extraction of the irradiated suspension in order to conduct the 1H NMR 

photoproduct analysis. Since the laser flash photolysis (LFP) experiments described in Section 

4.3.3 utilized static samples of 4.4–4.8, it was imperative to confirm that significant degradation 

of these suspension samples was not occurring, as that might interfere with accurate 

determination of transient absorption spectra and the lifetimes of the radical pair intermediates.  

Several samples of 4.6 were subjected to GC-MS analysis. Ketone 4.6 was selected since 

it showed the highest conversion percentage among all of the aromatic ketones. Four samples 

were prepared as follows: (1) a solution of pure 4.6 prepared from the recrystallized compound, 
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(2) a concentrated solution from the same extract obtained from the photoproduct analysis 

experiment, (3) a concentrated solution obtained from extraction of a suspension prepared in the 

same manner as those for LFP experiments, which was subjected to the highest number of laser 

shots used for any individual LFP experiment, and (4) an identical sample to (3) which was not 

subjected to laser irradiation. Each sample was run in a continuous sequence using identical GC 

parameters. Comparison of data for (1) and (3) showed that the starting material ketone was the 

largest component of the suspension following laser irradiation. While (3) had additional peaks 

in the GC trace, all of these peaks were also present (and with nearly identical relative 

integrations) in the control sample (4), meaning that these contaminants may be a combination of 

minor impurities in the surfactant solution used in the preparation of the suspensions or from 

impurities collected during the extraction process. Furthermore, the photoproduct peaks in the 

GC trace of (2) did not correlate with these contaminant peaks based on retention time. In total, 

this experiment showed that there was little or no photodegradation of the material in the 

suspension sample of 4.6 used for the LFP experiments described in Section 4.3.3. By extension, 

since 4.6 was the most prone to photochemical conversion in aqueous suspension under extended 

white light illumination with the Hanovia Hg arc lamp, it is reasonable to conclude that the static 

suspension samples used in the laser flash photolysis experiments for the other aromatic ketones 

were also safe from potential complications of the buildup of photoproduct species. 

 

4.3.3 Transient Spectroscopy and Kinetics 

Transient absorption spectra and transient lifetime experiments were conducted using an 

Edinburgh Instruments LP 920 laser flash photolysis system equipped with a Quantel Brilliant b 

Nd:YAG laser with 266 nm output. Solution samples were prepared in 100–200 mL batches and 
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degassed by sparging with argon for 30 min.–1 hr., then passed through a single-pass flow 

system to collect spectral data. Nanocrystalline suspension samples were prepared by the 

reprecipitation method by addition of acetonitrile stock solution into a surfactant solution of 

sodium dodecyl sulfate (SDS) at 1/10 of the critical micelle concentration.9 Unimodal size 

distribution data for each suspension sample as determined by dynamic light scattering (DLS) 

can be found in Section 4.5.3. Suspension LFP experiments for 4.1–4.3 were also conducted with 

the single-pass flow system, while those for 4.4–4.8 were conducted with static samples, which 

was observed to give much higher signal-to-noise ratio, and presumably more accurate transient 

lifetime data as a result. Since 4.4–4.8 were shown to be unreactive in the solid state, the signal 

quality in LFP experiments was prioritized over the use of the flow system. The potential 

complication of photoproduct formation following extended irradiation of these samples was 

addressed in the Section 4.3.2. In addition to the GC-MS experiments that were described, a DLS 

experiment with ketone 4.6 was conducted to determine whether the laser irradiation caused any 

physical breakdown of the crystalline material. A comparison of nanocrystal size distributions in 

two identical suspension samples of 4.6, one of which was subjected to the standard laser 

irradiation, is shown in Figures 4.9 and 4.10 in Section 4.5.3. Both DLS experiments were 

performed after the same waiting period following the initial preparation of the suspension 

sample. The similarity in the particle size distributions suggests that there is minimal damage to 

the crystals as a result of the laser irradiation. Together with the results of the GC-MS 

experiments, it can be concluded that the static suspension samples for 4.4–4.8 should provide 

transient spectra and lifetime data which are not affected by chemical or mechanical changes to 

the nanocrystals during the course of the experiments.   
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 Representative transient absorption spectra and transient decay curves for solution and 

suspension samples of 4.4 are shown in Figures 4.2 and 4.3, respectively. Corresponding spectra 

for all of the compounds can be found in Section 4.5.4 (Figures 4.13 – 4.28). In each case, the 

overall sample concentration is noted in the figure caption. For suspension samples, the 

concentration reflects the overall loading of ketone material (rather than the much higher local 

concentration of molecules within the nanocrystals) which is calculated based on the 

concentration of the acetonitrile stock solution and the volume percentage (1–3 %) of acetonitrile 

relative to the surfactant solution.    

Figures 4.2 and 4.3 show a significant residual absorption across the entirety of the 

wavelength range of the transient absorption. This residual absorption is also observed for a 

majority of the transient absorption spectra. It may be the result of limitations of the LFP system 

caused by the emission timescale of the flashlamp, which only provides enough intensity for 

practical accumulation of signal up to 9 ms following the laser pulse. Given the long lifetimes on 

the order of several milliseconds of many of the transient species, it is possible that the ability to 

extend the time window would show further decay. However, the transient lifetime in solution 

(long-lived component) for ketone 4.3 of 3.28  1.26 ms was amongst the longest lifetimes, and 

the transient absorption decays almost completely to the baseline within the experimental time 

window. This suggests that there must be an alternative explanation for the residual absorption 

observed in a majority of the spectra. It could be strong absorption by a very small percentage of 

long-lived or stable photoproduct, but this also seems unlikely due to the use of the single-pass 

flow system for solution and some suspension samples, and the results discussed above which 

ruled out significant photochemical conversion to permanent products for static suspension 

samples.  
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Figure 4.2. (left) Transient absorption spectrum of ketone 4.4 in degassed MeCN solution (0.013 

mg/mL) and (right) transient absorption decay measured at 335 nm. 

 

 

Figure 4.3. (left) Transient absorption spectrum of ketone 4.4 in aqueous suspension (0.010 

mg/mL) and (right) transient absorption decay measured at 345 nm. 

 

 

Perhaps the most likely explanation is that of a systematic issue between the LFP system 

and the computer which constructs the O.D. plots. Due to the variation in the emission intensity 

of the probe lamp over the time window of the experiments, the system alternates between 
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experimental pump-probe pulses and probe background pulses. The O.D. readout is then 

constructed by the computer as the difference in signal between these two sets of accumulated 

signal intensity. The observation of residual absorption in nearly all samples might suggest that 

for longer time ranges, the signal intensity acquired from probe background pulses is 

systematically offset. If this explanation is correct, it would imply that the data is only affected in 

terms of a baseline offset, which would not affect the determination of transient absorption 

lifetimes. 

In order to account for these potential sources of error and to verify reproducibility of the 

transient lifetimes, decay curves from five individual experiments selected randomly from at 

least a dozen trials performed on multiple days were fit to exponential decay functions. The 

results of this analysis for all of the ketones in solution and aqueous suspensions are shown in 

Table 4.2. Each decay was best fit with a double exponential function. The time averages and 

standard deviations are tabulated in Table 4.2 along with the averages and standard deviations of 

the percent contributions of the short- and long-lived components of the decays. 
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Table 4.2. Transient absorption lifetimes and percent contributions for samples of 4.1–4.8 in 

MeCN solutions and nanocrystalline suspensions. 

Ketone Medium 1 (s) 2 (ms)  1  2 

4.1 
Solution 270  30 2.24  0.35 12  2 88  2 

Suspension 82  6 0.40  0.05 23  9 77  9 

4.2 
Solution 350  100 2.20  0.39 19  5 81  5 

Suspension 4.3  1.6 0.14  0.06 11  4 89  4 

4.3 
Solution 530  140 3.28  1.26 14  4 86  4 

Suspension 4.2  0.3 0.08  0.01 74  7 26  7 

4.4 
Solution 150  30 2.15  0.34 11  4 89  4 

Suspension 470  20 4.22  0.58 4  1 96  1 

4.5 
Solution 250  60 2.75  0.41 15  2 85  2 

Suspension 340  330 4.16  0.70 3  2 97  2 

4.6 
Solution 300  80 3.55  0.75 17  7 83  7 

Suspension 220  80 1.60  0.48 33  5 67  5 

4.7 
Solution 200  70 1.88  0.37 10  1 90  1 

Suspension 740  140 2.20  0.36 5  4 94  4 

4.8 
Solution 150  60 2.30  0.19 17  7 83  7 

Suspension 570  420 2.76  0.29 6  4 94  4 

 

 The max values of the transient absorption spectra for all samples were found to be in the 

range of 330–345 nm, which matches previous reports of the transient absorption spectrum of the 

trityl radical.10,11 We hypothesize that the biexponential lifetimes in solution reflect two different 

populations of radicals. The short-lived component corresponds to caged radical pairs which 

recombine on a relatively short time scale, while the long-lived component reflects the lifetime 

of the trityl free radical that is formed by diffusion of the radical pair in the solvent medium. 

Across all solution samples, both the  values and relative percent contributions for both 

components are quite similar. This suggests that the properties of each of the trityl-acyl radical 

pairs formed are controlled primarily by the nature of the solvent environment. Similar steric 
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parameters and ISC rates for each radical pair in acetonitrile would cause the rate of cage 

recombination to be similar, which is reflected in the observation of 1 values all on the order of 

hundreds of microseconds. Furthermore, 2 values all fell within the range of ~2–3.5 ms. This 

fairly wide range of values may be due to minor differences in sample oxygen concentration or 

impurities, which can have a substantial effect on free radical lifetime, especially with long 

lifetimes such as these. Nonetheless, this range is much smaller than that observed for the 

suspension samples. This is likely due to the solution 2 being primarily controlled by the 

diffusion rate of the trityl free radical rather than any differences in the chemical structures of the 

ketone substrates. 

 Comparison of the radical pair lifetimes in suspension samples tells a much more 

interesting story. As was discussed in Chapter 3, the biexponential lifetime in the solid-state 

samples is attributed to a short-lived component which results from recombination or 

disproportionation events that take place with faster kinetics at crystal defect sites or on the 

crystal surface, where a uniform crystal lattice does not surround the radical pair to provide a 

steric cage that limits the effectiveness of various ISC mechanisms. Table 4.2 shows that 4.3 is 

an outlier with respect to 1 contribution in the solid state. This is particularly interesting because 

4.3 was also the ketone most resistant to the preparation of SCXRD quality crystals, possibly due 

to it being the only chiral, racemic compound. Despite many crystallization attempts, only a 

white powder was ever obtained. It may be the case that the nanocrystals formed from 4.3 have 

poor crystallinity with a high percentage of defect sites, which results in a majority contribution 

from the short-lived component of the radical pair decay. Assuming that the crystal defect site 

hypothesis is correct, comparison of the 1 values allows for a qualitative comparison of the 

nature of the defect sites (with longer lifetimes reflecting a defect site population with higher 
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average rigidity) and a quantitative comparison of the prevalence of these defect sites by the % 1 

value. 

 The primary purpose of this study, however, lies in the analysis of the 2 values, which 

reflect the nature of the triplet acyl-alkyl radical pairs embedded within the well-defined crystal 

lattice. Comparison of these values shows two distinct sets. Ketones 4.1–4.3 exhibit the shortest 

2 values, each of them less than 0.5 ms. It is likely no coincidence that these are also the 

substrates that are subject to the solid-state photodecarbonylation reaction as discussed 

previously. Following the decarbonylation step, the new alkyl-alkyl radical pair is able to 

undergo ISC and bond formation at a faster rate than the acyl-alkyl radical pairs that cannot 

decarbonylate. This may be due to a combination of a greater distance between the radical 

centers (and therefore a smaller S-T gap) and slightly greater conformational freedom granted by 

the multiple bond-cleavage reactions.  

By contrast, ketones 4.4–4.8 all have 2 values in excess of 1.5 ms. The initial 

determination of the 4.2 ms lifetime of the acyl-alkyl radical pair of 4.4 in the crystal lattice was 

a staggering result, as it outstripped the previous record (63 s for 3.1d in Chapter 3) for this 

type of radical pair by almost two orders of magnitude. Based on this, 4.5–4.8 were synthesized 

and subjected to the same suite of experiments in order to assess the tunability of this radical pair 

lifetime by substituent effects on the aromatic group.  

The electron-donating p-methoxy group in 4.5 had a minimal effect, while the strong 

electron-withdrawing p-trifluoromethyl group in 4.6 caused a reduction in the lifetime by 62 %. 

The effect of these EDG and EWG substituents can be understood on the basis of considering the 

distribution of the acyl radical electron density. Since the S-T gap has an exponential dependence 

on the proximity of the radical pair centers, it would be expected that EWG substituents would 
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lead to a decreased radical pair lifetime due to the redistribution of electron density away from 

the acyl radical. By the same logic, it would be expected that EDG substituents would have the 

opposite effect, leading to a longer radical pair lifetime. In this case, the p-methoxy substituent in 

4.5 may not be a strong enough electron donor in order to cause a noticeable effect, or perhaps 

the effective proximity of the radical pair in 4.4 is already close to being maximized, such that no 

modification with EDG substituents would increase the radical pair lifetime. 

Ketone 4.7 exhibited a reduction in the radical pair lifetime relative to 4.4 by 48 %. This 

can be attributed to the heavy atom effect, by which the bromine atom contributes to ISC from 

the triplet state by enhancement of the spin-orbit coupling mechanism.12 Lastly, 4.8 offers an 

extended conjugated system to the acyl radical, which could allow for enhanced delocalization to 

increase the average distance between the radical centers. This is reflected by a 35 % reduction 

to the radical pair lifetime. 

 

4.4 Conclusion 

 Photoproduct analysis and laser flash photolysis experiments conducted on a series of 

eight trityl ketones demonstrated the potential for the use of trityl-benzoyl radical pairs as spin-

qubit pairs for quantum information science. The triplet radical pairs formed in the crystalline 

solid state from ketones 4.4–4.8 exhibit many desirable properties for utilization as qubit pairs. 

They can be formed by controlled external stimulus of pulsed laser excitation under ambient 

conditions, and they have correlation times on the millisecond scale, enabling ample time for 

quantum logic gate manipulation. This lifetime was also shown to be tunable by facile 

substitution of various groups on the benzoyl radical. Lastly, the spin qubit pairs are, in theory, 

infinitely reusable due to the quantitative solid-state recombination to the parent ketone due to 
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the inability of the benzoyl radical to decarbonylate on the timescale of the radical pair lifetime. 

The heterogeneity of the nanocrystalline suspensions, including potentially significant 

proportions of defect sites within the nanocrystals or amorphous material in the samples, 

introduced some complexity to the investigation of this radical pair system. However, the 

preparation of more well-defined crystalline material by other methods13 could allow for this type 

of chemical system to be optimized and deployed as a promising candidate for the advancement 

of quantum computing.   

 

4.5 Experimental Section 

4.5.1 Materials and Methods 

Unless noted otherwise, all reagents were used as received without further purification. 

Tetrahydrofuran was distilled from sodium with benzophenone indicator. Dichloromethane was 

distilled from calcium hydride. Reactions to prepare alcohols 4.1a–4.8a were carried out in oven-

dried or flame-dried glassware under argon atmosphere. Oxidation reactions to prepare ketones 

4.1–4.8 were carried out in glassware open to the air. 1H and 13C{1H} NMR spectra were 

acquired on a Bruker Avance spectrometer at 500 MHz (1H) and 126 MHz (13C{1H}). All 

chemical shifts are reported in ppm on the -scale relative to the residual solvent signal as 

reference (CDCl3  7.26 and  77.16 for proton and carbon, respectively. Coupling constants (J) 

are reported in hertz (Hz). High-resolution mass spectrum data was recorded on a Q Exactive 

Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer in positive ion mode. Melting point values 

were recorded on a Melt-Point II apparatus. Infrared spectra were recorded on a PerkinElmer 

Spectrum 100 spectrometer equipped with a single reflectance diamond crystal universal ATR 

sampling accessory. UV-Vis absorption spectra were recorded on an Ocean Optics Flame-T 
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spectrometer with the OceanView software package.  Dynamic Light Scattering (DLS) data was 

collected using a Beckman-Coulter N4 Plus particle analyzer. Irradiation of samples for 

photoproduct analysis experiments was conducted with a 450 W Hanovia medium-pressure 

mercury lamp. Nanosecond transient absorption experiments were performed using an 

Edinburgh Instruments LP920 laser flash photolysis spectrometer in conjunction with a Q-

switched Nd:YAG Brilliant b laser from Quantel with 266 nm output wavelength, 5–8 ns pulse 

width, 1 Hz repetition rate, and 36–40 mJ pulse energy. Transient absorption detection is based 

on a 450 W pulsed Xenon arc lamp, a Czerny-Turner TMS300 monochromator, a Hamamatsu 

R928 photomultiplier detector, and a Tektronix TDS3012C digital oscilloscope. Transient 

absorption data was collected using the L900 software package provided by Edinburgh 

Instruments, then processed with Origin. Laser flash photolysis samples in acetonitrile solution 

were degassed by sparging with argon for 30 min., then pumped through a 1 cm quartz flow cell 

mounted on a custom-built sample holder at a rate of 1.4 mL/min. with a Masterflex L/S 

peristaltic pump. Aqueous suspension samples for 4.1–4.3 were pumped through the flow cell at 

a rate of 6.5 mL/min. Aqueous suspension samples for 4.4–4.8 were used as static samples in a 

standard 4 mL cuvette. 

 

4.5.2 Experimental Procedures 

Alcohols 4.1a–4.8a were synthesized according to literature procedure with minor 

modifications.14 Triphenylmethane (2.0 g, 8.2 mmol) was dissolved in 30 mL THF and cooled to 

0 °C. Then, 2.5 M n-butyllithium solution (3.3 mL, 1 eq) was added dropwise, giving a deep red 

solution which was allowed to stir at 0 °C for 30 min.–1 hr. The corresponding aldehyde (8.2 

mmol, 1 eq) was added dropwise (neat aldehyde for liquids, concentrated THF solution for 
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solids) to this solution. The flask was then allowed to warm to room temp. and stir for 30 min.–2 

hrs. In each case, the deep red color of the alkyllithium solution lightened to a light orange or 

yellow by the end of the aldehyde addition or after a brief period of stirring at room temp. 

Reactions were worked up by addition of brine, neutralization with 0.5 M HCl and extraction 

with DCM. Crude product was subjected to column chromatography (9:1 Hexanes:DCM → 9:1 

Hexanes:EtOAc) to give the final product as a white powder or colorless, crystalline solid.  

Ketones 4.1–4.8 were synthesized by Jones oxidation according to literature procedure 

with minor modifications.14 The corresponding alcohol was dissolved in acetone in an open-air 

flask to give solutions with concentrations ranging from 100–200 mM. Solutions were cooled to 

0 °C. For a given acetone volume, 0.1 eq H2O and 0.025 eq H2SO4 by volume were combined. 

CrO3 (1.25 eq) was dissolved in the acid, which was then added dropwise to the acetone solution. 

After 1 hr. the reaction was quenched by addition of isopropanol and filtered through a silica 

plug. Following addition of brine, the filtrate was extracted with DCM and dried. Crude product 

was subjected to column chromatography (19:1 Hexanes:EtOAc), then recrystallized from hot 

EtOH to give colorless crystals for 4.1, 4.2, and 4.4–4.7, a white powder for 4.3, and pale yellow 

crystals for 4.8. It should be noted that the low yields reported below for many of the ketones 

was the result of material loss following at least one recrystallization, especially for the 

compounds with limited EtOH solubility, rather than low conversion or side product formation in 

the Jones oxidation reactions, each of which was high-yielding based on 1H NMR spectra of 

crude products. 

Nanocrystalline suspensions for LFP, UV-Vis, and DLS experiments were prepared by 

the reprecipitation method.9 A solution of sodium dodecyl sulfate (SDS) at 1/10 the critical 

micelle concentration (CMC) (4 mL for all UV-Vis and DLS samples and static LFP samples, 16 
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mL for all flow-cell LFP samples) was vortexed on a vortex mixer. Once a stable vortex was 

observed, a solution of the ketone substrate in acetonitrile was rapidly added to the SDS solution 

by micropipette such that the final volume of acetonitrile constituted 1–3 % of the final solution. 

The overall concentration of the ketone in each suspension sample is noted in the captions of the 

corresponding spectra.     

 Molecular characterization data for 4.1a–4.8a and 4.1–4.8 is tabulated below. 

1,1,1-triphenylpentan-2-ol (4.1a): Yield 26 %; Rf = 0.30 (9:1 hexanes:EtOAc); IR 

(film): 3568, 3056, 2956, 2870, 1596, 1495, 1447, 1119, 1087, 1065, 1034, 1011, 762, 745, 701, 

653, 636, 612 cm-1. 1H NMR (500 MHz, CDCl3)  7.30 (m, 12H), 7.20 (m, 3H), 5.18 (dd, J = 

9.5, 6.2 Hz, 1H), 1.67 (m, 2H), 1.54 (m, 1H), 1.39 (d, J = 6.6 Hz, 1H), 0.91 (t, J = 7.2 Hz, 3H), 

0.73 (m, 1H) ppm. 13C{1H} NMR (126 MHz, CDCl3)  145.4, 129.9, 128.0, 126.3, 74.3, 62.6, 

36.6, 20.5, 14.3 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M+K]+ calculated for 

C23H24OK: 355.1459, found: 355.1452. 

1,1,1,3-tetraphenylpropan-2-ol (4.2a): Yield 21 %; Rf = 0.29 (9:1 hexanes:EtOAc); 

m.p. 56–58 °C; IR (powder): 3562, 3056, 3028, 2931, 1597, 1493, 1446, 1271, 1079, 1032, 

1002, 893, 764, 744, 695, 655, 638, 545 cm-1. 1H NMR (500 MHz, CDCl3)  7.41 (m, 6H), 7.32 

(m, 10H), 7.24 (m, 4H), 5.43 (d, J = 9.5 Hz, 1H), 3.04 (d, J = 14.4 Hz, 1H), 2.04 (dd, J = 14.5, 

9.9 Hz), 1.67 (br s, 1H) ppm. 13C{1H} NMR (126 MHz, CDCl3)  144.8, 140.2, 130.1, 129.3, 

128.6, 128.1, 126.51, 126.45, 75.7, 62.6, 40.6 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: 

[M+Na]+ calculated for C27H24ONa: 387.1719, found: 387.1715. 

1,1,1,3-tetraphenylbutan-2-ol (4.3a): Yield 16 %; Rf = 0.38 (9:1 hexanes:EtOAc); m.p. 

153–154 °C; IR (powder): 3445, 3060, 2976, 1600, 1493, 1107, 742, 715, 694, 658, 573, 533 cm-

1. 1H NMR (500 MHz, CDCl3)  7.39 (m, 10H), 7.28 (m, 7H), 7.21 (m, 3H), 5.66 (d, J = 7.5 Hz, 
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1H), 3.03 (q, J = 7.0 Hz, 1H), 1.96 (d, J = 7.5 Hz, 1H), 0.19 (d, J = 7.0 Hz, 3H) ppm. 13C{1H} 

NMR (126 MHz, CDCl3)  149.9, 144.7, 130.1, 128.9, 128.2, 127.5, 126.4, 126.3, 76.1, 63.8, 

41.6, 17.0 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M+Na]+ calculated for C28H26ONa: 

401.1876, found: 401.1894. 

1,2,2,2-tetraphenylethan-1-ol (4.4a): Yield 30 %; Rf = 0.25 (9:1 hexanes:EtOAc); m.p. 

151–152 °C; IR (powder): 3596, 3056, 2921, 1595, 1492, 1446, 1182, 1046, 1033, 785, 766, 

751, 741, 701, 656, 610, 531 cm-1. 1H NMR (500 MHz, CDCl3)  7.30 (m, 6H), 7.22 (m, 9H), 

7.14 (m, 1H), 7.04 (m, 2H), 6.79 (m, 2H), 6.32 (d, J = 5.4 Hz, 1H), 2.24 (d, J = 5.4 Hz, 1H) ppm. 

13C{1H} NMR (126 MHz, CDCl3)  143.9, 140.9, 131.0, 129.2, 127.7, 127.5, 127.2, 126.5, 76.9, 

64.6 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M+Na]+ calculated for C26H22ONa: 

373.1563, found: 373.1569. 

1-(4-methoxyphenyl)-2,2,2-triphenylethan-1-ol (4.5a): Yield 44 %; Rf = 0.15 (9:1 

hexanes:EtOAc); m.p. 99–101 °C; IR (powder): 3537, 3051, 2962, 1607, 1509, 1492, 1446, 

1244, 1774, 1031, 837, 766, 746, 731, 698, 655, 635, 601, 583 cm-1. 1H NMR (500 MHz, CDCl3) 

 7.30 (m, 6H), 7.22 (m, 9H), 6.70 (m, 2H), 6.59 (m, 2H), 6.25 (d, J = 5.1 Hz, 1H), 3.73 (s, 3H), 

2.19 (d, J = 5.1 Hz, 1H) ppm. 13C{1H} NMR (126 MHz, CDCl3)  158.9, 144.1, 133.0, 131.0, 

130.4, 127.6, 126.5, 112.6, 76.6, 64.6, 55.2 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: 

[M+K]+ calculated for C27H24O2K: 419.1408, found: 419.1395. 

2,2,2-triphenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-ol (4.6a): Yield 29 %; Rf = 0.24 

(9:1 hexanes:EtOAc); m.p. 138–140 °C; IR (powder): 3545, 3060, 2936, 1617, 1492, 1413, 

1322, 1162, 1127, 1117, 1068, 1050, 1034, 1016, 838, 741, 720, 697, 669, 628, 608 cm-1. 1H 

NMR (500 MHz, CDCl3)  7.31-7.19 (m, 17H), 6.91 (d, J = 8.3 Hz, 2H), 6.40 (d, J = 4.6 Hz, 

1H), 2.36 (d, J = 5.0 Hz, 1H) ppm. 13C{1H} NMR (126 MHz, CDCl3)  145.0, 143.4, 130.8, 
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129.9–129.2 (q, J = 32.3 Hz), 129.4, 127.9, 126.8, 127.5–121.0 (q, J = 271.8 Hz), 124.0 (q, J = 

3.8 Hz), 76.1, 64.8 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M+H]+ calculated for 

C27H22F3O: 419.1617, found: 419.1622. 

1-(4-bromophenyl)-2,2,2-triphenylethan-1-ol (4.7a): Yield 12 %; Rf = 0.25 (9:1 

hexanes:EtOAc); m.p. 173–175 °C; IR (powder): 3565, 3526, 3060, 2926, 1589, 1488, 1445, 

1047, 1008, 758, 745, 724, 703, 670, 648, 633, 600, 504, 456 cm-1. 1H NMR (500 MHz, CDCl3) 

 7.30-7.19 (m, 15H), 7.16 (m, 2H), 6.65 (m, 2H), 6.28 (d, J = 5.3 Hz, 1H), 2.27 (d, J = 5.4 Hz, 

1H) ppm. 13C{1H} NMR (126 MHz, CDCl3)  143.5, 139.3, 130.9, 130.8, 130.2, 127.8, 126.7, 

121.6, 76.2, 64.6 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M+H]+ calculated for 

C26H22BrO: 431.0828, found: 431.0830. 

1-(naphthalen-2-yl)-2,2,2-triphenylethan-1-ol (4.8a): Yield 52 %; Rf = 0.27 (9:1 

hexanes:EtOAc); m.p. 168–170 °C; IR (powder): 3554, 3063, 2921, 1598, 1492, 1446, 1044, 

817, 753, 741, 721, 708, 693, 665, 647, 602, 551, 485 cm-1. 1H NMR (500 MHz, CDCl3)  7.73 

(d, J = 7.7 Hz, 1H), 7.53 (m, 2H), 7.40 (m, 2H), 7.33 (m, 6H), 7.23 (m, 10H), 6.92 (d, J = 8.5 Hz, 

1H), 6.48 (s, 1H), 2.38 (s, 1H) ppm. 13C{1H} NMR (126 MHz, CDCl3)  143.9, 138.5, 132.8, 

132.5, 131.0, 128.8, 128.3, 127.7, 127.4, 127.2, 126.6, 126.4, 126.0, 125.8, 77.0, 64.8 ppm. 

HRMS (APCI, quadrupole-orbitrap) m/z: [M+Na]+ calculated for C30H24ONa: 423.1719, found: 

423.1710. 

1,1,1-triphenylpentan-2-one (4.1): Yield 81 %; Rf = 0.45 (9:1 hexanes:EtOAc); m.p. 

115–116 °C; IR (powder): 3063, 2963, 1708, 1596, 1493, 1441, 1120, 756, 725, 700, 667, 628, 

494 cm-1. 1H NMR (500 MHz, CDCl3)  7.29 (m, 12H), 7.23 (m, 3H), 2.36 (t, J = 7.6 Hz, 2H), 

1.39 (sext, J = 7.6 Hz, 2H), 0.71 (t, J = 7.5 Hz, 3H) ppm. 13C{1H} NMR (126 MHz, CDCl3)  
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208.7, 142.5, 130.6, 128.2, 126.8, 73.3, 43.8, 19.3, 13.9 ppm. HRMS (APCI, quadrupole-

orbitrap) m/z: [M]+ calculated for C23H22O: 314.1665, found: 314.1676. 

1,1,1,3-tetraphenylpropan-2-one (4.2): Yield 88 %; Rf = 0.41 (9:1 hexanes:EtOAc); 

m.p. 115-116 °C; IR (powder): 3024, 2906, 1708, 1601, 1493, 1302, 1093, 1066, 764, 751, 741, 

716, 702, 694, 616, 567, 546 cm-1. 1H NMR (500 MHz, CDCl3)  7.31 (m, 12H), 7.25 (m, 3H), 

7.19 (m, 3H), 6.95 (m, 2H), 3.66 (s, 2H) ppm. 13C{1H} NMR (126 MHz, CDCl3)  205.5, 142.0, 

135.3, 130.7, 129.5, 128.3, 128.1, 127.0, 126.7, 73.5, 47.5 ppm. HRMS (APCI, quadrupole-

orbitrap) m/z: [M]+ calculated for C27H22O: 362.1665, found: 362.1663. 

1,1,1,3-tetraphenylbutan-2-one (4.3): Yield 82 %; Rf = 0.49 (9:1 hexanes:EtOAc); m.p. 

108–109 °C; IR (powder): 3020, 2968, 1701, 1598, 1492, 1448, 1370, 1043, 1031, 737, 707, 

694, 669, 607, 564, 524 cm-1. 1H NMR (500 MHz, CDCl3)  7.28 (m, 6H), 7.22 (m, 6H), 7.16 

(m, 6H), 7.10 (m, 2H), 4.08 (q, J = 6.84 Hz, 1H), 1.10 (d, J = 6.85 Hz, 3H) ppm. 13C{1H} NMR 

(126 MHz, CDCl3)  209.9, 142.7, 141.9, 130.9, 128.3, 128.1, 127.6, 126.9, 126.4, 74.6, 50.5, 

24.2 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M+H]+ calculated for C28H25O: 377.1900, 

found: 377.1916. 

1,2,2,2-tetraphenylethan-1-one (4.4): Yield 59 %; Rf = 0.42 (9:1 hexanes:EtOAc); m.p. 

182–183 °C; IR (powder): 3057, 1675, 1595, 1492, 1445, 1216, 1182, 1036, 1000, 842, 789, 

753, 698, 656, 635, 601 cm-1. 1H NMR (500 MHz, CDCl3)  7.67 (m, 2H), 7.25 (m, 16H), 7.15 

(m, 2H) ppm. 13C{1H} NMR (126 MHz, CDCl3)  199.0, 143.3, 137.6, 131.8, 131.2, 131.0, 

127.9, 127.7, 126.8, 71.2 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M]+ calculated for 

C26H20O: 348.1509, found: 348.1515. 

1-(4-methoxyphenyl)-2,2,2-triphenylethan-1-one (4.5): Yield 57 %; Rf = 0.25 (9:1 

hexanes:EtOAc); m.p. 186–187 °C; IR (powder): 3071, 2968, 1667, 1596, 1571, 1493, 1441, 
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1260, 1221, 1170, 1027, 844, 757, 732, 700, 640, 613, 602 cm-1. 1H NMR (500 MHz, CDCl3)  

7.69 (m, 2H), 7.28-7.19 (m, 15H), 6.64 (m, 2H), 3.75 (s, 3H) ppm. 13C{1H} NMR (126 MHz, 

CDCl3)  197.3, 162.3, 143.6, 133.7, 131.0, 130.2, 127.9, 126.7, 112.9, 71.0, 55.4 ppm. HRMS 

(APCI, quadrupole-orbitrap) m/z: [M+H]+ calculated for C27H23O2: 379.1693, found: 379.1692. 

2,2,2-triphenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-one (4.6): Yield 47 %; Rf = 0.44 

(9:1 hexanes:EtOAc); m.p. 154–157 °C; IR (powder): 3065, 2918, 1681, 1582, 1492, 1408, 

1323, 1311, 1164, 1123, 1114, 1067, 1013, 842, 757, 742, 703, 697, 641, 630, 604 cm-1. 1H 

NMR (500 MHz, CDCl3)  7.77 (m, 2H), 7.41 (m, 2H), 7.29-7.19 (m, 15H) ppm. 13C{1H} NMR 

(126 MHz, CDCl3)  198.1, 142.7, 140.4, 133.3-132.6 (q, J = 33.6 Hz), 131.3, 130.9, 128.1, 

127.1, 124.8 (q, J = 3.8 Hz), 126.9-120.4 (q, J = 273.2 Hz), 71.2 ppm. HRMS (APCI, 

quadrupole-orbitrap) m/z: [M+H]+ calculated for C27H20F3O: 417.1461, found: 417.1462. 

1-(4-bromophenyl)-2,2,2-triphenylethan-1-one (4.7): Yield 57 %; Rf = 0.44 (9:1 

hexanes:EtOAc); m.p. 172–174 °C; IR (powder): 3055, 1685, 1582, 1486, 1448, 1008, 998, 845, 

820, 755, 745, 729, 698, 668, 632, 619, 601, 506, 447 cm-1. 1H NMR (500 MHz, CDCl3)  7.55 

(m, 2H), 7.29 (m, 5H), 7.22 (m, 12H) ppm. 13C{1H} NMR (126 MHz, CDCl3)  197.9, 143.0, 

136.2, 132.7, 131.1, 130.9, 128.1, 127.04, 126.98, 71.1 ppm. HRMS (APCI, quadrupole-

orbitrap) m/z: [M+H]+ calculated for C26H20BrO: 427.0692, found: 427.0692. 

1-(naphthalen-2-yl)-2,2,2-triphenylethan-1-one (4.8): Yield 49 %; Rf = 0.42 (9:1 

hexanes:EtOAc); m.p. 203–205 °C; IR (powder): 3055, 1683, 1671, 1624, 1491, 1442, 1179, 

1161, 1129, 815, 753, 738, 721, 697, 676, 641, 626, 583, 474 cm-1. 1H NMR (500 MHz, CDCl3) 

 8.30 (d, J = 1.2 Hz, 1H), 7.72 (m, 3H), 7.57 (d, J = 8.8 Hz, 1H), 7.50 (m, 1H), 7.43 (m, 1H), 

7.29 (m, 11H), 7.25 (m, 1H), 7.22 (m, 3H) ppm. 13C{1H} NMR (126 MHz, CDCl3)  198.7, 

143.4, 134.9, 134.7, 133.1, 132.2, 131.1, 129.9, 128.4, 128.0, 127.5, 127.1, 127.0, 126.9, 126.4, 
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71.3 ppm. HRMS (APCI, quadrupole-orbitrap) m/z: [M+H]+ calculated for C30H23O: 399.1743, 

found: 399.1744. 

 

4.5.3 Dynamic Light Scattering 

Figure 4.4. Unimodal size distribution of nanocrystals of 4.1 in aqueous suspension (0.023 

mg/mL) determined by DLS. 
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Figure 4.5. Unimodal size distribution of nanocrystals of 4.2 in aqueous suspension (0.023 

mg/mL) determined by DLS. 

 

 

 

Figure 4.6. Unimodal size distribution of nanocrystals of 4.3 in aqueous suspension (0.023 

mg/mL) determined by DLS. 

 

 



173 
 

Figure 4.7. Unimodal size distribution of nanocrystals of 4.4 in aqueous suspension (0.010 

mg/mL) determined by DLS. 

 

 

 

Figure 4.8. Unimodal size distribution of nanocrystals of 4.5 in aqueous suspension (0.015 

mg/mL) determined by DLS. 
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Figure 4.9. Unimodal size distribution of nanocrystals of 4.6 in aqueous suspension (0.023 

mg/mL) determined by DLS. 

   

 

 

Figure 4.10. Unimodal size distribution of nanocrystals of 4.6 in aqueous suspension (0.023 

mg/mL) determined by DLS following laser irradiation.
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Figure 4.11. Unimodal size distribution of nanocrystals of 4.7 in aqueous suspension (0.015 

mg/mL) determined by DLS. 

  

 

 

Figure 4.12. Unimodal size distribution of nanocrystals of 4.8 in aqueous suspension (0.005 

mg/mL) determined by DLS. 
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4.5.4 Spectra 

Figure 4.13. (left) Transient absorption spectrum of ketone 4.1 in degassed MeCN solution 

(0.050 mg/mL) and (right) transient absorption decay measured at 330 nm. 

 

 

 

Figure 4.14. (left) Transient absorption spectrum of ketone 4.1 in aqueous suspension (0.023 

mg/mL) and (right) transient absorption decay measured at 345 nm. 
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Figure 4.15. (left) Transient absorption spectrum of ketone 4.2 in degassed MeCN solution 

(0.025 mg/mL) and (right) transient absorption decay measured at 330 nm. 

 

 

 

Figure 4.16. (left) Transient absorption spectrum of ketone 4.2 in aqueous suspension (0.023 

mg/mL) and (right) transient absorption decay measured at 340 nm. 
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Figure 4.17. (left) Transient absorption spectrum of ketone 4.3 in degassed MeCN solution 

(0.013 mg/mL) and (right) transient absorption decay measured at 335 nm. 

 

 

 

Figure 4.18. (left) Transient absorption spectrum of ketone 4.3 in aqueous suspension (0.023 

mg/mL) and (right) transient absorption decay measured at 345 nm. 
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Figure 4.19. (left) Transient absorption spectrum of ketone 4.4 in degassed MeCN solution 

(0.013 mg/mL) and (right) transient absorption decay measured at 335 nm. 

 

 

 

Figure 4.20. (left) Transient absorption spectrum of ketone 4.4 in aqueous suspension (0.010 

mg/mL) and (right) transient absorption decay measured at 345 nm. 
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Figure 4.21. (left) Transient absorption spectrum of ketone 4.5 in degassed MeCN solution 

(0.013 mg/mL) and (right) transient absorption decay measured at 335 nm. 

 

 

 

Figure 4.22. (left) Transient absorption spectrum of ketone 4.5 in aqueous suspension (0.015 

mg/mL) and (right) transient absorption decay measured at 345 nm. 
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Figure 4.23. (left) Transient absorption spectrum of ketone 4.6 in degassed MeCN solution 

(0.050 mg/mL) and (right) transient absorption decay measured at 335 nm. 

 

 

 

Figure 4.24. (left) Transient absorption spectrum of ketone 4.6 in aqueous suspension (0.023 

mg/mL) and (right) transient absorption decay measured at 340 nm. 
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Figure 4.25. (left) Transient absorption spectrum of ketone 4.7 in degassed MeCN solution 

(0.013 mg/mL) and (right) transient absorption decay measured at 335 nm. 

 

 

 

Figure 4.26. (left) Transient absorption spectrum of ketone 4.7 in aqueous suspension (0.015 

mg/mL) and (right) transient absorption decay measured at 345 nm. 
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Figure 4.27. (left) Transient absorption spectrum of ketone 4.8 in degassed MeCN solution 

(0.013 mg/mL) and (right) transient absorption decay measured at 335 nm. 

 

 

 

Figure 4.28. (left) Transient absorption spectrum of ketone 4.8 in aqueous suspension (0.005 

mg/mL) and (right) transient absorption decay measured at 340 nm. 
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Figure 4.29. 1H NMR (500 MHz, CDCl3) of 4.1a. 

 
Figure 4.30. 13C{1H} NMR (126 MHz, CDCl3) of 4.1a. 

 



185 
 

Figure 4.31. 1H NMR (500 MHz, CDCl3) of 4.2a. 

 
Figure 4.32. 13C{1H} NMR (126 MHz, CDCl3) of 4.2a. 
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Figure 4.33. 1H NMR (500 MHz, CDCl3) of 4.3a. 

 
Figure 4.34. 13C{1H} NMR (126 MHz, CDCl3) of 4.3a. 
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Figure 4.35. 1H NMR (500 MHz, CDCl3) of 4.4a. 

 
Figure 4.36. 13C{1H} NMR (126 MHz, CDCl3) of 4.4a. 
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Figure 4.37. 1H NMR (500 MHz, CDCl3) of 4.5a. 

 
Figure 4.38. 13C{1H} NMR (126 MHz, CDCl3) of 4.5a. 
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Figure 4.39. 1H NMR (500 MHz, CDCl3) of 4.6a. 

 
Figure 4.40. 13C{1H} NMR (126 MHz, CDCl3) of 4.6a. 
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Figure 4.41. 1H NMR (500 MHz, CDCl3) of 4.7a. 

 
Figure 4.42. 13C{1H} NMR (126 MHz, CDCl3) of 4.7a. 
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Figure 4.43. 1H NMR (500 MHz, CDCl3) of 4.8a. 

 
Figure 4.44. 13C{1H} NMR (126 MHz, CDCl3) of 4.8a. 
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Figure 4.45. 1H NMR (500 MHz, CDCl3) of 4.1. 

 
Figure 4.46. 13C{1H} NMR (126 MHz, CDCl3) of 4.1. 
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Figure 4.47. 1H NMR (500 MHz, CDCl3) of 4.2. 

 
Figure 4.48. 13C{1H} NMR (126 MHz, CDCl3) of 4.2. 
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Figure 4.49. 1H NMR (500 MHz, CDCl3) of 4.3. 

 
Figure 4.50. 13C{1H} NMR (126 MHz, CDCl3) of 4.3. 
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Figure 4.51. 1H NMR (500 MHz, CDCl3) of 4.4. 

 
Figure 4.52. 13C{1H} NMR (126 MHz, CDCl3) of 4.4. 
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Figure 4.53. 1H NMR (500 MHz, CDCl3) of 4.5. 

 
Figure 4.54. 13C{1H} NMR (126 MHz, CDCl3) of 4.5. 
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Figure 4.55. 1H NMR (500 MHz, CDCl3) of 4.6. 

 
Figure 4.56. 13C{1H} NMR (126 MHz, CDCl3) of 4.6. 
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Figure 4.57. 1H NMR (500 MHz, CDCl3) of 4.7. 

 
Figure 4.58. 13C{1H} NMR (126 MHz, CDCl3) of 4.7. 
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Figure 4.59. 1H NMR (500 MHz, CDCl3) of 4.8. 

 
Figure 4.60. 13C{1H} NMR (126 MHz, CDCl3) of 4.8. 
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Figure 4.61. IR Spectrum of 4.1a. 

 

 

 

Figure 4.62. IR Spectrum of 4.2a. 
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Figure 4.63. IR Spectrum of 4.3a. 

 

 

 

Figure 4.64. IR Spectrum of 4.4a. 
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Figure 4.65. IR Spectrum of 4.5a. 

 

 

 

Figure 4.66. IR Spectrum of 4.6a. 
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Figure 4.67. IR Spectrum of 4.7a. 

 

 

 

Figure 4.68. IR Spectrum of 4.8a. 
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Figure 4.69. IR Spectrum of 4.1. 

 

 

 

Figure 4.70. IR Spectrum of 4.2. 

 

 



205 
 

Figure 4.71. IR Spectrum of 4.3. 

 

 

 

Figure 4.72. IR Spectrum of 4.4. 
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Figure 4.73. IR Spectrum of 4.5. 

 

 

Figure 4.74. IR Spectrum of 4.6. 
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Figure 4.75. IR Spectrum of 4.7. 

 

 

 

Figure 4.76. IR Spectrum of 4.8. 
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Figure 4.77. UV-Vis spectra of 4.1 in (left) MeCN solution (0.050 mg/mL) and (right) aqueous 

suspension (0.023 mg/mL). 

 

 

 

Figure 4.78. UV-Vis spectra of 4.2 in (left) MeCN solution (0.025 mg/mL) and (right) aqueous 

suspension (0.023 mg/mL). 
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Figure 4.79. UV-Vis spectra of 4.3 in (left) MeCN solution (0.013 mg/mL) and (right) aqueous 

suspension (0.023 mg/mL). 

 

 

 

Figure 4.80. UV-Vis spectra of 4.4 in (left) MeCN solution (0.013 mg/mL) and (right) aqueous 

suspension (0.010 mg/mL). 
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Figure 4.81. UV-Vis spectra of 4.5 in (left) MeCN solution (0.013 mg/mL) and (right) aqueous 

suspension (0.015 mg/mL). 

 

 

 

Figure 4.82. UV-Vis spectra of 4.6 in (left) MeCN solution (0.050 mg/mL) and (right) aqueous 

suspension (0.023 mg/mL). 
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Figure 4.83. UV-Vis spectra of 4.7 in (left) MeCN solution (0.013 mg/mL) and (right) aqueous 

suspension (0.015 mg/mL). 

 

 

 

Figure 4.84. UV-Vis spectra of 4.8 in (left) MeCN solution (0.013 mg/mL) and (right) aqueous 

suspension (0.005 mg/mL). 
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CHAPTER FIVE 

 

Modulation of Radical Pair and Biradical Lifetimes in the Crystalline Solid State  

by External Magnetic Field 

 

5.1 Abstract 

 The lifetimes of radical pair and biradical intermediates are strongly influenced by the 

nature of their environment. This is due in large part to the fact that molecular dynamics and spin 

dynamics are inherently intertwined. However, this environment consists of the not only the 

matter surrounding the radical species, but also potential perturbation from an electric or 

magnetic field. An ,-diphenyl macrocyclic ketone was synthesized for use as a parent 

compound to the photochemical generation of an acyl-alkyl biradical linked by a long aliphatic 

chain. The effect of an external magnetic field on the lifetime of this biradical was investigated 

in the solution phase and with the biradical embedded in a crystal lattice of the ketone. The 

results indicate that in the solid state, the biradical lifetime is substantially increased, and a far 

stronger magnetic field is required to modulate this lifetime by virtue of the much larger singlet-

triplet gap characteristic of the crystal-confined biradical. 

   

5.2 Introduction 

 Radical pairs and biradicals generated by photochemical reaction within a crystal lattice 

are known to have many unique properties in comparison to their solvated counterparts, such as 

the ability to engage in controlled reactivity that results in product distributions with high regio- 

and stereoselectivity.1–3 In Chapters 3 and 4, we explored the influence of the crystal lattice 
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environment on various radical pair intermediates, which demonstrated that the imposition of a 

steric cage on the radical pair led to significantly increased triplet lifetimes, presumably due in 

part to reduced conformational freedom, which limits the effectiveness of many intersystem 

crossing mechanisms.4–6 In addition, it was posited that the close proximity of the radical pair 

within the crystal lattice leads to a much larger singlet-triplet (S-T) gap, which also contributes 

significantly to the enhanced lifetime. While this explanation is very likely the case, it can be 

explored in a more direct fashion by investigating the effect that an external magnetic field has 

on the lifetime of the intermediate. As shown in Figure 5.1, when a radical pair or biradical 

species on the triplet surface undergoes conformational change or diffusion in order to increase 

the nuclear distance between the radical centers, the S-T gap becomes smaller. At a certain point, 

this gap is small enough that a modest external magnetic field (represented by the blue arrow in 

Figure 5.1) can cause the T– triplet sublevel and the singlet state to become energetically 

matched, corresponding to a minimum for the triplet lifetime.     

 However, if the radical centers are held in close proximity, a much higher magnetic field 

would be required in order to achieve energetic parity between the singlet and T– sublevel.  

Herein, we report the results from laser flash photolysis experiments for macrocyclic ketone 5.1 

in acetonitrile solution and in aqueous nanocrystalline suspension. These results provide direct 

evidence for a much larger S-T gap for the biradical in the solid state. Scheme 5.1 shows 

additional candidates for the investigation of this magnetic field effect in the context of different 

types of radical pair intermediates to assess its generality. 
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Figure 5.1. Energetics of the singlet and triplet surface of biradical or radical pair intermediates. 

The expanded region displays the effect of an external magnetic field (H) on the energetic 

ordering of the singlet state and the three triplet sublevels. 

  

 

Scheme 5.1. Selected ketones that generate biradicals or radical pairs by -cleavage reactions 

upon photolysis in the crystalline solid state. 

 

 

5.3 Results and Discussion 

 Macrocyclic ketone 5.1 was synthesized according to literature precedent as shown in 

Scheme 5.2.7 Commercially available cyclododecanone and benzophenone were subjected to 

McMurry coupling to generate 5.4 in nearly quantitative yield, followed by epoxidation with 



217 
 

mCPBA to give epoxide 5.5. Finally, an acid-catalyzed semi-pinacol rearrangement of 5.5 gave 

5.1 in 90 % yield as a clear oil following column chromatography, which crystallized upon 

standing or seeding with a previous sample. 

Scheme 5.2. Synthesis of ketone 5.1. 

 

 

 The transient absorption spectra and lifetimes of the biradical intermediate formed by 

photolysis of 5.1 in solution and solid-state samples were determined using an Edinburgh 

Instruments LP920 laser flash photolysis system in conjunction with a Quantel Brilliant b 

Nd:YAG laser with 266 nm output. Representative transient absorption spectra and decay curves 

for biradical lifetime analysis are shown in Figure 5.2. 
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Figure 5.2. Transient absorption spectrum of 5.1 in acetonitrile solution (top) and in aqueous 

nanocrystalline suspension (bottom). The fitted exponential decay curves (measured at the max) 

in the insets are examples of those used to determine the lifetime of the biradical intermediate. 

 

 

  

 Each of these sample types was then subjected to biradical lifetime analysis as a function 

of the strength of an externally applied magnetic field. A custom sample holder in the LP920 

instrument allowed for a set of two identical neodymium magnets of different sizes and strengths 

to be placed at an adjustable distance on either side of the sample cuvette. For a given magnetic 

field strength, lifetimes determined from at least three trials were averaged. Both the individual 

trials and average values are plotted in Figure 5.3 as a ratio of ISC rates at the corresponding 
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applied field (kiscB) vs. zero magnetic field (kisc0). Under this representation of the data, the 

maximum value should correlate with the magnetic field strength which causes the singlet and T– 

sublevel to be energetically matched. The plot in Figure 5.3 shows that in solution, the expected 

rate acceleration (kiscB > kisc0) occurs with a very weak magnetic field, somewhere in the range 

of 10–20 Gs. These results are in close agreement with the literature precedent for 5.1.7 At larger 

magnetic field values, this ratio falls below 1, meaning that the magnetic field is decreasing the 

ISC rate of the biradical (kiscB < kisc0). This is expected because the increased splitting of the 

triplet levels increases the energetic separation between the singlet level and the T– and T+ 

sublevels. Eventually, the effect of increasing the magnetic field strength would reach an 

asymptotic limit where alternative ISC mechanisms, such as spin-lattice relaxation, dominate the 

spin transition and prevent the increasing energy separation from further decreasing the ISC rate. 
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Figure 5.3. Ratio of ISC rates of biradical generated by photolysis of 5.1 in MeCN solution with 

applied magnetic field vs. zero magnetic field as a function of the magnetic field strength. Black 

circles represent individual trials, with their average value denoted by red diamonds. Horizontal 

error bars represent the range in magnetic field values measured at the edges of the sample 

cuvette. Inset shows expansion of the low magnetic field region. 

 

  

 The biradical lifetime of 5.1 and its susceptibility to various effects, including solvents of 

different viscosity, variable temperature, and even external magnetic field have been studied 

previously.7 However, in order to understand the influence of the crystalline environment on this 

biradical, an analogous experiment to that described in Figure 5.3 was conducted on 

nanocrystalline suspension samples of 5.1, and the data was compiled to generate Figure 5.4. 

This plot demonstrates the extraordinary effect that the crystal lattice has on the biradical and its 

S-T gap. Even with magnetic field strengths almost two orders of magnitude greater than the 10–

20 Gs range identified in solution, it seems that the energy of the T– sublevel still lies above that 

of the singlet. Further experiments with stronger magnets are necessary to fully understand the 
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response of the crystal-embedded biradical to an external magnetic field, but these preliminary 

results provide direct evidence that the S-T gap is made significantly larger when a steric cage 

such as a crystal lattice forces the two radical centers of a biradical intermediate into constant 

close proximity with each other.  

Figure 5.4. Ratio of ISC rates of biradical generated by photolysis of 5.1 in nanocrystalline 

suspension with applied magnetic field vs. zero magnetic field as a function of the magnetic field 

strength. Black circles represent individual trials, with their average value denoted by red 

diamonds. Horizontal error bars represent the range in magnetic field values measured at the 

edges of the sample cuvette.  

 

 

5.4 Conclusion 

 The lifetimes determined for the biradical generated from photolysis of diphenyl 

cyclotridecanone 5.1 under the influence of an external magnetic field demonstrate a stark 

contrast between solution and solid-state samples. In particular, these results provide direct 

evidence of the significantly larger S-T gap experienced by the biradical held within close 
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proximity by the crystal lattice, in contrast to the smaller S-T gap that is achieved by the 

biradical tethered by a long aliphatic chain, which has a great deal of conformational freedom in 

solution. It was also shown that an external magnetic field with variable strength can be used to 

tune the lifetime of the biradical intermediate. Further exploration of this effect by identical 

experiments for ketones 5.2 and 5.3 will establish whether this strategy can also be applied to 

different types of radical pair intermediates. In Chapter 4, the modulation of the radical pair 

lifetime of 5.3 in the solid state by chemical modification was identified as an attractive feature 

of this system in the context of its deployment for quantum computing applications. The ability 

to affect the radical pair lifetime of 5.3 and its variants presented in Chapter 4 by an external 

magnetic field would enable even finer tuning to provide exceptional control over the desired 

lifetime of the triplet radical pair.  

 

5.5 Experimental Section    

5.5.1 Materials and Methods 

 Unless noted otherwise, all reagents were used as received without further purification. 

All reactions were carried out in oven-dried or flame-dried glassware under argon atmosphere. 

1H and 13C{1H} NMR spectra were acquired on a Bruker Avance spectrometer at 500 MHz (1H) 

and 126 MHz (13C{1H}). All chemical shifts are reported in ppm on the -scale relative to the 

residual solvent signal as reference (CDCl3  7.26 and  77.16 for proton and carbon, 

respectively, CD2Cl2  5.32 for proton and  53.5 for carbon, respectively, DMSO-d6  2.50 and 

 39.52 for proton and carbon, respectively). Coupling constants (J) are reported in hertz (Hz). 

Nanosecond transient absorption experiments were performed using an Edinburgh Instruments 

LP920 laser flash photolysis spectrometer in conjunction with a Q-switched Nd:YAG Brilliant b 
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laser from Quantel with 266 nm output wavelength, 5–8 ns pulse width, 1 Hz repetition rate, and 

36–40 mJ pulse energy. Transient absorption detection is based on a 450 W pulsed Xenon arc 

lamp, a Czerny-Turner TMS300 monochromator, a Hamamatsu R928 photomultiplier detector, 

and a Tektronix TDS3012C digital oscilloscope. Transient absorption data was collected using 

the L900 software package provided by Edinburgh Instruments, then processed with Origin. 

Laser flash photolysis samples of 5.1 in acetonitrile solution were 0.1 mg/mL and degassed by 

three freeze-pump-thaw cycles, then pumped through a 1 cm quartz flow cell on a custom-built 

sample holder in the LP920 instrument at a rate of 2.0 mL/min. with a Masterflex L/S peristaltic 

pump. Aqueous suspension samples were prepared by the reprecipitation method8 in 4 mL 

batches by addition of an acetonitrile stock solution into a solution of sodium dodecyl sulfate at 

1/10 of the critical micelle concentration. Acetonitrile accounted for 1 % of the final sample 

volume, and the overall concentration of 5.1 in the suspension samples was 0.05 mg/mL These 

samples were then transferred to a standard 1 cm quartz cuvette for analysis by laser flash 

photolysis. Variable magnetic field around the cuvette and flow cell was achieved by placing two 

identical neodymium magnets at different distances on either side of the sample. Magnet sizes 

ranged from 3/16” to 1” and included both N42 and N52 grade neodymium rare earth magnets. 

Magnetic field values were reported with x-axis error bars according to the range of magnetic 

fields measured at each corner and edge of the cuvette or flow cell using a Homend WT10A 

Telameter. 

 

5.5.2 Experimental Procedures 

 (diphenylmethylene)cyclododecane (5.4): Compound 5.4 was synthesized according to 

literature procedure with minor modifications.7A solution of cyclododecanone (2.0 g, 11 mmol) 
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and benzophenone (1 eq) was prepared with 20 mL dimethoxyethane. Zinc powder (32 eq) 

suspended in 100 mL dimethoxyethane was treated with 9.6 mL (8 eq) TiCl4 by slow addition. 

This mixture was heated at 90 °C for 2 hrs., then cooled to room temperature. The solution of 

cyclododecanone and benzophenone was then added and the reaction was heated to 70 °C for 12 

hrs. The reaction mixture was then filtered through celite to give 5.4 as a white solid (3.6 g, 99% 

yield). NMR spectra match literature precedent.7 1H NMR (500 MHz, CD2Cl2): 7.24 (m, 4H), 

7.13 (m, 6H), 2.02 (m, 4H), 1.55 (m, 4H), 1.33 (m, 14H)  ppm. 13C{1H} NMR (126 MHz, 

CD2Cl2):  143.7, 139.9, 138.4, 129.1, 128.0, 126.1, 28.2, 26.5, 26.4, 24.5, 22.3, 22.2 ppm. 

 2,2-diphenyl-1-oxaspiro[2.11]tetradecane (5.5): Synthesis of compound 5.5 was 

performed according to literature procedure with minor modifications.7 A mixture of 5.4 (1.0 g, 

1.50 mmol) and mCPBA (2 eq) was dissolved in 20 mL DCM and stirred at room temperature 

for 4 hrs. The solvent was removed under reduced pressure to give the crude product as a white 

powder. Column chromatography (SiO2, 49:1 hexanes:EtOAc) gave 5.5 as a white solid (954 

mg, 91 % yield). NMR spectra match literature precedent.7 1H NMR (500 MHz, CDCl3):  7.47 

(m, 4H), 7.30 (m, 4H), 7.21 (m, 2H), 1.38 (m, 22H) ppm. 13C{1H} NMR (126 MHz, CDCl3): 

 140.7, 128.2, 127.2, 127.1, 72.1, 71.4, 27.8, 26.3, 26.2, 22.5, 22.3, 20.2 ppm. 

 2,2-diphenylcyclotridecan-1-one (5.1): Synthesis of compound 5.1 was performed 

according to literature procedure with minor modifications.7 Epoxide 5.5 (100 mg, 0.29 mmol) 

was treated with p-Toluenesulfonic acid (0.2 eq) in 5 mL toluene. Reaction was stirred for 3 hrs., 

then quenched with 25 mL saturated NaHCO3 and extracted with DCM. Crude product was 

subjected to column chromatography (SiO2, 9:1 hexanes:benzene → 9:1 hexanes:EtOAc) to give 

5.1 as a clear oil which crystallized upon standing or addition of a seed crystal (90 mg, 90 % 

yield). NMR spectra match literature precedent.7 1H NMR (500 MHz, DMSO-d6):  7.26 (m, 
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8H), 7.18 (m, 2H), 2.44 (m, 2H), 2.30 (t, J = 6.5 Hz, 2H), 1.51 (quint, J = 6.0 Hz, 2H), 1.28 (m, 

14H), 1.08 (m, 2H) ppm. 13C{1H} NMR (126 MHz, DMSO-d6):  209.9, 143.7, 128.6, 127.9, 

126.3, 64.2, 37.8, 34.9, 26.57, 26.56, 25.9, 25.4, 25.1, 24.6, 23.9, 22.2, 21.9 ppm. 
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5.5.3 Spectra    

Figure 5.5. 1H NMR (500 MHz, CD2Cl2) of 5.4. 

 

Figure 5.6. 13C{1H} NMR (126 MHz, CD2Cl2) of 5.4. 
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Figure 5.7. 1H NMR (500 MHz, CDCl3) of 5.5. 

 

Figure 5.8. 13C{1H} NMR (126 MHz, CDCl3) of 5.5. 
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Figure 5.9. 1H NMR (500 MHz, DMSO-d6) of 5.1. 

 

Figure 5.10. 13C{1H} NMR (126 MHz, DMSO-d6) of 5.1. 
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CHAPTER SIX 

 

Size-Dependent Photosalience in Crystals of an Organic Small Molecule Determined by 

Electron Microscopy and Microcrystal Electron Diffraction 

 

6.1 Abstract 

Photosalient effects are macroscopic motions of crystals induced by a solid-state 

photochemical reaction, and are of interest for the development of micromechanical actuators 

which could be engineered to exhibit a particular desired motion upon photoirradiation. Here we 

report evidence for a minimum crystal size threshold below which photosalience is not observed 

for crystals of an organic small molecule. Microcrystal electron diffraction was used to solve a 

crystal structure before and after a topotactic chemical reaction in a small microcrystal for the 

first time. This established that these crystals still undergo the expected reaction, and 

transmission electron microscopy demonstrated the absence of a photosalient effect. These 

results show that photosalience depends not only on a particular molecular arrangement which 

facilitates a topotactic photochemical reaction, but also on a size threshold which gives the 

crystal the properties necessary for the strain in the crystal lattice to result in macroscopic 

motion. 

 

6.2 Introduction 

Photosalience is an interesting emergent phenomenon that occurs in various materials, 

including many crystals of organic small molecules that exhibit a topotactic or single-crystal-to-

single-crystal (SCSC) photochemical reaction, meaning that the photoproduct is formed in a 

crystalline phase. A photosalient effect is a macroscopic motion of such crystals that occurs 
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during the solid state photochemical conversion, and is thought to be the result of the collection 

or sudden release of strain that is built up between the grain boundaries of reactant and product 

crystalline domains, along with more complex and subtle processes.1–3 In this Chapter, we 

investigate a well-established example of a photosalient crystalline compound in order to 

determine whether this phenomenon also occurs in nanocrystals or small microcrystals through a 

combination of microcrystal electron diffraction (microED) and TEM imaging.4,5 The results 

indicate that these crystals still facilitate the SCSC reaction, but do not exhibit photosalience. We 

discuss the size range limit at which this occurs and a hypothesis for this change in behavior. 

Photosalience in crystals of compound 6.1 has been studied in great detail using optical 

microscopy and high-speed cameras to catalogue different types of photosalient effects and their 

relation to the size and aspect ratios of the crystals.6 The crystals analyzed by this method had 

sizes of 20–240 m along their shortest dimension and 0.19–2.8 mm along their longest 

dimension. While it may be possible to investigate even smaller crystals with the same 

techniques, the lower limit of this size range is fundamentally restricted by the maximum 

magnification achievable with optical microscopy. In order to establish the existence, or lack 

thereof, of photosalience in nanocrystals and small microcrystals of 6.1, we turned to the use of 

electron microscopy in order to overcome this limitation. 

 

6.3 Results and Discussion 

Compound 6.1 was synthesized by sodium methoxide-mediated condensation of 

benzaldehyde and -butyrolactone and isolated as a white, crystalline powder. NMR data 

collected before and after UV irradiation of the powder shows that it undergoes the expected 
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quantitative dimerization reaction to 6.2 (Scheme 6.1). These spectra can be found in Section 

6.5.5.   

Scheme 6.1. Photoinduced [2+2] cycloaddition of 6.1. 

 

     

Powder x-ray diffraction (PXRD) data obtained before and after the same irradiation 

conditions shows that 6.2 is formed as a crystalline powder. Furthermore, comparison of these 

PXRD patterns to the simulated patterns from previously reported single crystal x-ray structures 

demonstrates that the crystal polymorphs of both 6.1 and 6.2 in the powder match that of the 

single crystals used for x-ray structure determination.6 This PXRD data is shown in Figure 6.1.   

Figure 6.1. PXRD diffractograms of 6.1 (top) and 6.2 (bottom) from powder samples and 

simulation from single-crystal structure data. 
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Samples for microED experiments were prepared as aqueous suspensions using the 

reprecipitation method.7 A stock solution of 30 mg/mL (40 L) of 6.1 in acetonitrile was added to 

4.0 mL of rapidly vortexing Millipore water by micropipette. Multiple droplets of these 

suspensions were drop-cast onto a TEM grid, then wicked away with filter paper held parallel to 

the surface of the grid on the outer edge of the suspension droplet. TEM imaging of grids 

prepared by this method revealed relatively sparse loading of crystalline material. Despite this, a 

sufficient number of crystals were found to enable structure solution. 

Diffraction data was collected on a Tecnai TF30 microscope from multiple microcrystals 

before and after UV-irradiation using a 450 W Hanovia medium-pressure mercury lamp. 

Following data collection on the crystals of 6.1, the sample holder was removed and transferred 

to the photochemical reactor without removing the grid. The crystals were irradiated for 10 

minutes in the Hanovia reactor. The sample holder was then replaced in the TEM system and 

post-irradiation diffraction data was collected from the same crystals based on positions saved on 

the TEM computer system.  

Crystal structures of 6.1 and 6.2 were determined from the same set of 5 crystals before 

and after UV irradiation, as shown in Figure 6.2 along with images of a subset of these crystals. 

These images were taken in diffraction mode, so an exact scale bar cannot be defined. However, 

the approximate size can be related to the red dotted circles, which denote the size and position 

of the ~2 micron selected area aperture. Notably, these images show that each crystal remained 

in the same position and orientation, suggesting that the photosalient effects observed in larger 

crystals of this compound were not active in these microcrystals. 
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Figure 6.2. (Top) Crystal structures of 6.1 and 6.2 determined by microED from a set of 5 

crystals before and after UV irradiation. (Bottom) TEM images of 3 of these crystals. The red 

dotted circles indicate the position and size of the ~2 micron selected area aperture. 

 

 

 

NMR analysis of these aqueous suspensions of 6.1 before and after UV irradiation 

revealed that the topotactic reaction to form 6.2 constituted an exceptionally small portion (< 1 

%) of the observed photochemical reactivity. The dominant reaction pathway was isomerization 

to 6.1a, as determined by 1H NMR photoproduct analysis following extraction of the irradiated 

suspension with DCM (Figure 6.3). This was revealed to be the result of significant water 

solubility of 6.1, as demonstrated by comparison of 1H NMR peak integration vs. potassium 

formate internal standard, which suggested that 47 % of suspension material was solubilized in 

an analogous sample prepared in D2O. 
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Figure 6.3. Partial 1H NMR spectrum following UV irradiation of aqueous suspension of 6.1. 

Hydrogens labeled red correspond to the diagnostic peaks used to establish relative quantities of 

the three compounds shown. 

 

 

Due to this high water solubility, it is possible that the crystals deposited from aqueous 

suspension were adhered to the surface of the TEM grid by solubilized material as the crystals 

dried, thereby preventing the photosalient effect that otherwise may be observed. To test this, we 

prepared additional samples by direct loading of the crystalline powder. TEM grids were gently 

dropped and submerged in the powder of 6.1 in a sample vial, then removed with tweezers. 

Excess powder was removed by tapping the tweezers on the edge of the vial.  

Following the same diffraction data collection procedure described above, a much higher 

quality crystal structure was solved before and after irradiation of a single crystal (Figure 6.4). 

Presumably, the lower quality data obtained from the suspension samples was due to the water-

solubility of 6.1, which may lead to a higher percentage of crystal defects and potential 

interference from amorphous or polycrystalline material on or near the crystal of interest. 
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Figure 6.4. (Top) Single crystal electron diffraction structures of 6.1 and 6.2. (Bottom) Images of 

the crystal before and after irradiation. 

 

 

Next, we turned to imaging crystals of various sizes from the powder sample before and 

after irradiation. TEM grids were loaded in the same manner as described above, then screened 

in diffraction mode to find suitable crystals. For smaller crystals, a single diffraction pattern at 0° 

tilt angle was collected to verify crystallinity. This was not possible for larger crystals that were 

too thick to enable adequate penetration of the electron beam, but the images display clearly 

faceted specimens. Furthermore, the 1H NMR data described above demonstrates that > 99 % of 

the powder sample is crystalline, so it would follow that any material deposited and imaged on 

the TEM grid was also crystalline. High-resolution real-space images were obtained for crystals 

ranging in size from hundreds of nanometers to > 100 m. After the standard UV irradiation 

procedure, a second set of images was taken at the same locations on the TEM grid. 

Representative pre- and post-irradiation images of each crystal or set of crystals are shown in 

Figure 6.5. The rest of the images can be found in Section 6.5.3. The results shown in Figure 6.5 

suggest that there is a size-dependent threshold for the observation of a photosalient effect. The 
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nanocrystals and small microcrystals were found to be in the exact same position and orientation 

after irradiation, whereas a majority of crystals ~100 m or longer along their largest dimension 

had either fractured or moved out of the frame entirely.     

To verify that the motion of the larger crystals was not induced by the handling and 

movement of the grid holder, a control experiment was conducted in which images were taken 

before and after handling the grid holder in the same manner, but without irradiation. These 

images can be found in Section 6.5.3, and they show that crystals of the same size range remain 

in the same positions. 

Figure 6.5. Images of nanocrystals and microcrystals before (top) and after (bottom) irradiation. 

The scale bar for the first two images from the left is 1 m and that for the last two images is 30 

m. 

 

 

With this relatively limited set of crystal specimens, an exact description of the shape and 

size of crystals of 6.1 at which photosalience begins to occur cannot be established. Notably, it 

has been shown that crystals of other compounds which are sub-micron in at least one dimension 

such as crystalline nanorods still exhibit a bending motion.8–11 Consideration of the aspect ratios 

of the crystals at these smaller length scales may also be a factor which controls photosalience. 



239 
 

Therefore, it should be noted that there may be a dependence based on the third dimension 

normal to the plane of the TEM grid, which cannot be quantified from these images. 

Nonetheless, these results demonstrate a striking difference of behavior of crystals in different 

size regimes. It can be said that crystals of 6.1 which are nanocrystals (sub-micron in all 

dimensions) up to ~50 m in the largest dimension do not exhibit photosalience. It is interesting 

to note that this size is on the same order of magnitude as that which would lead to almost 

complete absorption of incident photons. Based on crystal structure data, which enables 

calculation of the solid-state concentration of 6.1, it was calculated that a crystal 9.6 m in depth 

would give an absorbance of 2 (1 % transmittance) at the max of 282 nm, under the assumption 

that crystal orientation dependence (which leads to a bias in the average orientation of the 

transition dipole moment), has minimal impact. The UV-vis spectrum of 6.1 along with the 

calibration curve to determine the extinction coefficient can be found in Section 6.5.4. The 

absorption spectrum and this calculation was also utilized to produce Figure 6.9, which shows 

crystal depth corresponding to 1 % transmittance as a function of wavelength. 

This size-dependent threshold is an intriguing observation which demonstrates that 

photosalience is an emergent phenomenon that relies not only on a particular arrangement of a 

photochemically-active compound within a crystal, but also on the mechanical and 

photochemical properties of the crystal itself. The smaller crystals may be more flexible and 

therefore better able to accommodate any strain that is formed between reactant and product 

crystal grain boundaries. Furthermore, the higher surface-area-to-volume ratio of the smaller 

crystals would promote more homogeneous irradiation throughout the crystal, which would 

mitigate the evolution of these different crystal domains.12  
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6.4 Conclusion 

We have demonstrated the use of microED to determine crystal structures from a single 

microcrystal before and after an SCSC reaction for the first time. In addition, a TEM imaging 

study established that the emergent phenomenon of photosalience is dependent on a size 

threshold of the crystalline material. Given the renewed interest in mechanically-responsive 

crystals for use as nano- and micromechanical actuators,13–17 this size-dependent behavior may 

place a lower limit on the size of mechanical devices that can be constructed with such crystals 

as actuating components. This is particularly true if this size dependence is a general effect 

observed in all mechanically-responsive crystals. 

 

6.5 Experimental Section 

6.5.1 Materials and Methods 

 All reagents were used as received without further purification. The reaction to 

synthesize 6.1 was carried out in oven-dried glassware under argon atmosphere. 1H and 13C{1H} 

NMR spectra were acquired on a Bruker Avance spectrometer at 500 MHz (1H) and 126 MHz 

(13C{1H}). All chemical shifts are reported in ppm on the -scale relative to the residual solvent 

signal as reference (CDCl3  7.26 and  77.16 for proton and carbon, respectively). Powder X-

ray diffraction patterns were measured using a Panalytical X'Pert Pro X-ray Powder 

Diffractometer. UV-Vis absorption spectra were recorded on an Ocean Optics Flame-T 

spectrometer with the OceanView software package. UV irradiation of TEM grids was 

performed in a photochemical reactor with a Hanovia 450 W medium pressure mercury vapor 

lamp seated in a quartz immersion well. TEM images and electron diffraction data was collected 

with on a Tecnai TF30 microscope.   



241 
 

6.5.2 Experimental Procedures 

 (E)-3-benzylidenedihydrofuran-2(3H)-one (6.1): Synthesis of 6.1 was conducted as 

previously reported with minor modifications.18 A solution of benzaldehyde (1.92 mL, 18.9 

mmol) and -butyrolactone (2 eq) in 20 mL toluene at 0 °C was treated with a suspension of 1.5 

eq sodium methoxide in 20 mL toluene, then allowed to warm to room temperature and stir for 2 

hrs. The reaction was diluted with 30 mL ethyl acetate, then 20 mL 9:1 H2O:H2SO4 

(concentrated) was added slowly to the reaction mixture. This mixture was washed with brine 

then dried over MgSO4. The solvent was removed to give the crude product as a pale yellow 

solid, which was washed with ether to give 6.1 as a white solid (676 mg, 21% yield). NMR 

spectra match literature precedent.18 1H NMR (500 MHz, CDCl3):  7.59 (t, J = 2.9 Hz, 1H), 7.51 

(m, 2H), 7.44 (m, 3H), 4.48 (t, J = 7.2 Hz), 3.26 (td, J = 7.4, 3.0 Hz, 2H). 13C{1H} NMR (126 

MHz, CDCl3):  172.6, 136.9, 134.8, 130.1, 130.0, 129.1, 123.7, 65.6, 27.6. 

 6,12-diphenyl-2,9-dioxadispiro[4.1.47.15]dodecane-1,8-dione (6.2): 6.2 was 

synthesized by irradiation of a dry powder of 6.1. 10 mg of 6.1 was ground into a thin layer 

between two microscope slides and irradiated for 1 hr. with the Hanovia photochemical reactor 

to give 6.2 as a white powder in quantitative yield. NMR spectra match literature precedent.19 1H 

NMR (500 MHz, CDCl3):  7.37 (m, 8H), 7.31 (m, 2H), 4.39 (s, 2H), 4.19 (t, J = 8.8 Hz, 2H), 

4.03 (m, 2H), 2.82 (dd, J = 13.1, 5.1 Hz, 2H), 2.26 (m, 2H) ppm. 13C{1H} NMR (126 MHz, 

CDCl3):  178.0, 135.2, 129.5, 129.0, 128.4, 65.4, 54.1, 52.1, 35.0 ppm. 
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6.5.3 TEM Images 

Figure 6.6. TEM images of microcrystals of 6.1 on the TEM grid before UV irradiation (top) 

and the same position on the TEM grid following the UV irradiation (bottom). The scale bar in 

each image is 30 m. 

         

         

--------------------------------------------------------------------------------------------------------------------- 
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Figure 6.7. TEM images of microcrystals of 6.1 on the TEM grid (top) and the same position on 

the TEM grid following handling of the sample holder in the same manner as was done for UV 

irradiation experiments (bottom). The scale bar in each image is 30 m. 

         

         

--------------------------------------------------------------------------------------------------------------------- 
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6.5.4 UV-Vis Data and Solid-State Absorption Analysis 

Figure 6.8. UV-Vis spectrum of 6.1 in acetonitrile solution (0.0025 mg/mL). 

 

Figure 6.9. Calibration curve for determination of molar extinction coefficient of 6.1. 
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Figure 6.10. Crystal depth corresponding to 1 % transmittance as a function of wavelength for 

crystals of 6.1. 

 

 

 

 

 

 

 

 

 

 

 

 



246 
 

6.5.5 Crystal Structure Data 

Figure 6.11. Single-crystal electron diffraction structure of 6.1 determined by microED. 

 

 

Figure 6.12. Single-crystal electron diffraction structure of 6.2 determined by microED. 
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Table 6.1. Selected parameters of the crystal structures of 6.1 and 6.2.  

Data Collection 

and Processing 
 

   
Compound 6.1  6.2  
Molecular 

Formula 
C11H10O2 

 
C22H20O4 

 
No. of crystals 

merged 
1 

 
1 

 
Space Group P 1 21/n 1 P 1 21 1 P 1 21/n 1 P 1 21 1 

a, b, c (Å) 10.83  5.86  13.42 10.83  5.86  13.42 11.44  5.98  12.43 11.44  5.98  12.43 

α, β, γ (°) 90  108.324   90 90  108.324   90 90  108.060   90 90 108.060  90 

Resolution 

Limit (Å) 
0.96 (1.03-0.96) 0.95 (1.02-0.95) 0.95 (1.02-0.95) 0.95 (1.01-0.95) 

Rmerge (%) 5.7 (29.9) 5.7 (30.2) 5.5 (23.0) 5.2 (23.7) 

I/σI 6.14 (2.09) 6.09 (2.07) 7.28 (2.52) 7.41 (2.52) 

Completeness 83.6 (85.7) 75.8 (81.0) 83.8 (85.9) 78.2 (81.5) 

CC1/2 99.9 (84.6) 99.9 (84.0) 99.5 (89.7) 99.7 (90.0) 

No. total 

reflections 
1511 (251) 1537 (255) 1483 (262) 1543 (233) 

No. unique 

reflections 
814 (150) 829 (153) 824 (159) 859 (141) 

No. possible 

reflections 
974 (175) 1093 (189) 983 (185) 1099 (173) 

Multiplicity 1.85 (1.67) 1.85 (1.67) 1.80 (1.65) 1.79 (1.65) 

   
 

 
Refinement  

 
 

 
Resolution (A) 0.95  0.95  

No. of 

Reflections 
807  804 

 
R1 (%) 22.26  16.38  

wR2 (%) 56.47  44.44  
GooF 

(Restrained 

GooF) 

2.211 (2.211)  1.752 (1.752) 
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6.5.6 Spectra 

Figure 6.13. 1H NMR spectrum (500 MHz, CDCl3) of 6.1. 

 

Figure 6.14. 13C{1H} NMR (126 MHz, CDCl3) of 6.1. 
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Figure 6.15. 1H NMR spectrum (500 MHz, CDCl3) of 6.2. 

 

Figure 6.16. 13C{1H} NMR (126 MHz, CDCl3) of 6.2. 
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