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Stimulus-response chemical systems have been pushed to the forefront of research 

since the 2016 Nobel prize was awarded for molecular machines.  Photoreactive systems 

represent one of the most promising of all stimulus-response systems.  These systems can 

rapidly overcome large energy barriers to create useful effects like motion and adhesion.  

Furthermore, light is easily tunable, and can be rapidly delivered to the location necessary 

to generate the reaction leaving the surroundings unaffected.   While many photoreactive 

systems have been found, there exist many ways to improve their effectiveness or elicit 

more useful properties from them.  This dissertation focuses on three photoreactive systems 

generating adhesion, photomechanical motion, and spin stabilization in a crystal.   

Adhesion can be enabled by light through a variety of methods.  Photocrosslinking, 

photoinduced phase changes, and mechanical bonding between surfaces have all been 

previously explored methods for photoadhesives.  Reversible adhesion has been more 

elusive though.  By focusing on noncovalent adhesion this experiment was able to generate 

a photoreversible adhesive using a polar substrate, a nonpolar glue, and spiropyran, a 

photochrome that changed color and polarity when exposed to light.  The shear strength 
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was increased by a factor of 5 between the reacted and unreacted state and the entire system 

was reversible to within 10% of its initial values.   

 Photomechanical systems can be used to do work in place of electronic motors.  9-

anthracene carboxylic acid (9AC) is a well-known thermal backreaction photomechanical 

system.  By looking at the fluorescence recovery after photobleaching combined with 

calculations of the energetics of isolated molecules and those in the crystal lattice we were 

able to develop a deeper understanding of the crystal system.  Calculations showed an 

energetic threshold of 80-90 kJ per mole was the limiting energy for the dimerization 

reaction, due primarily to the steric interactions of molecules.  The absence of hydrogen 

fluorine intermolecular bond formation along with the energy differences was able to 

explain much of the observed differences in mechanical reset times.  The crystal kinetics 

were much more complicated though as a strong concentration dependence of the dimer 

was observed.   

 Two state systems have many potential applications in quantum information 

systems.  Crystal defects are one such two state system that has seen success as a qubit 

candidate.  4-azidobenzoic acid generates a stable nitrene biradical when reacted in a 

crystal.  By fluorinating the 4-azidobenzoic acid changes to the crystal structure as well as 

the reduced ability for the radical to form side products stabilized the nitrene for weeks at 

room temperature and produced the characteristic signal of a nitrene biradical at 6700 G.  

Both nitrenes fluoresces in the visible spectrum allowing for readouts of quantum 

information.  The foundation of a nitrene based quantum information system has been laid 

but further investigation is needed to make it a reality.    
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Chapter 1 Introduction 
 

The ability for a material to change its properties in response to an external stimulus 

is highly sought after.  In 2016 the Nobel Prize in chemistry was jointly awarded to Bernard 

Feringa, Jean-Pierre Sauvage, and James Fraser Stoddart for their design of molecular 

machines.1-3   Molecular systems may react to many stimuli such as shock, heat, pH, light, 

or many other phenomena.4  Light is of particular interest as it can be delivered rapidly and 

directly to where it is needed through relatively simple means like fiber optics and avoids 

exposure to the rest of the system.  Additionally, light has many variables which can be 

controlled and tailored to the system, such as the wavelength, intensity, and polarization.   

Light can be used to transform the properties of materials providing the stimulus in 

a stimulus response system.  Historically light has been used to generate reactions in 

chemistry such as the initiation of photochlorination by ultraviolet (UV) light5 

photodegradation6, photochemical rearrangements7, and the Norrish reaction8 to name a 

few.  While these reactions are important, they are not the stimulus response photochemical 

systems that seen extensive research in recent years.  Stimulus response photochemical 

systems are able to perform useful work like motion18-23, or adhesion13-15.  Stimulus 

response chemical systems like these could potentially replace some everyday chemical 

and electrical systems and deliver savings on cost, and weight while increasing robustness.   

1.1 Photochemistry 

Photochemistry examines the chemical effects of light9.  Photochemistry reaction 

pathways allow for higher energy intermediates that cannot be generated thermally.  This 
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enables the reaction to overcome a large activation barrier in a short timeframe, allowing 

reactions to occur that cannot progress by thermal processes10.  Lasers are able to excite 

molecules to a desired electronic or vibrational state which allows a high degree of 

selectivity in a photoreaction11.  There are many types of famous photochemical reactions, 

including photosynthesis, vitamin D synthesis12 and many lesser-known reactions that will 

be discussed in the next section.  Many of these reactions can generate useful phenomena 

such as adhesion13-15, electron spin16-17, or movement18-23.  Many of these systems could be 

made more useful by fine tuning parameters either in, or around the system.    

1.1.1 Types of photoreactions  

 

Figure 1.1: Illustrations of various types of photoreactions.  A) Spiropyran converts to 

merocyanine by a ring opening reaction.  B) 9-Anthracene carboxylic acid undergoes a 4+4 

photodimerization. C) Azobenzene undergoes a cis to trans isomerization.  D) 4-Fluoro 

Cinnamaldehyde Malononitrile undergoes a 2+2 photodimerization.  E) 4-Azidobenzoic 

acid undergoes a photolysis to generate a nitrene and nitrogen gas.  The nitrene typically 

reacts quickly with molecules around it.  Reactions D and E are irreversible.   
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Broadly there are three types of reactions based off the reaction mechanism 

discussed in this dissertation: cis to trans or E/Z isomerization, bond cleaving reactions, 

and bond forming reactions.  Azobenzene is a famous cis to trans isomerization molecule 

and is shown in Figure 1.1C.24  Bond forming reactions include 9-anthracene carboxylic 

acid (Figure 1.1B), which undergoes a 4+4 photodimerization, and cinnamic acids that 

undergo a 2+2 photodimerization (Figure 1.1D)25.  Bond cleaving reactions include the 

formation of nitrogen gas when cleaved from an azide (Figure 1.1 E)26, and the ring 

opening and twisting of spiropyran forming merocyanine (Figure 1.1A)27.  Some of these 

reactions, such as spiropyran and merocyanine and azobenzene, are reversible, while 

cinnamic acids dimerization and azide photolysis are not. 

1.1.2 P-Type and T-type Photochromes 

Reversible reactions can be divided into two types of reversibility. Molecules that 

undergo a thermal back reaction like anthracene are considered T-type.  Molecules that 

return to their original state by photons are called P-type28-29.  Both categories of reaction 

process forward with light but the back reaction’s activation energy in T-type reactions is 

much smaller than those seen in P-type materials30.  The 4+4 photodimerization of 9-

anthracene carboxylic acid is a well-known T-type reaction as is the cis to trans 

isomerization of azobenzene.  These reactions typically have a back reaction barrier of 

about 80 kJ/mol31.  P-type materials, such as diarylethenes have back reaction activation 

energies of 150 kJ/mol32.   Some molecules, like spiropyran and merocyanine can be either 

T-type or P-type depending on their environment with the more polar zwitterionic 

merocyanine form favoring polar environments while the less polar spiropyran favoring 



 4 

less polar environments.  The large change in charge distribution between the two forms is 

responsible for stabilizing one over another in various mediums.33  

1.1.3 Positive and Negative Photochromes 

 

 

Figure 1.2: Spiropyran is transparent when dissolved in toluene (left).  After conversion to 

merocyanine it is blue in solution (center) and reverts to Spiropyran.  In ethanol 

merocyanine is red and will not fully convert back to spiropyran.   

Photochromes that change color when exposed to light exhibit one of two 

properties: positive or negative photochromism.  A positive photochrome starts as one 

color and is typically transparent in the visible spectrum.  As the photochrome is reacted it 

changes color, typically into the visible spectrum in the form of a redshift.  A negative 

photochrome has a more stable colorless state, meaning the molecule starts out colored and 

reacts to a colorless state which is a blueshift.  The dimerization of 9-anthracene or the 

conversion of donor-acceptor Stenhouse adducts (DASA)34-35 are examples of negative 

photochromic reaction, while spiropyran converting to merocyanine (figure 1.2) and the 

cleaving of nitrogen from an azidobenzoic acid are positive photochromic reactions.  
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Negative photochromes are typically more beneficial due to their greater light penetration 

properties.   

1.2 Photoreactive molecules 
 

1.2.1 Spiropyran 

 

Spiropyran is a well-known photochromic molecule.  As mentioned earlier 

spiropyran converts to merocyanine when exposed to UV light.  This breaks the central 

oxygen carbon bond36.  The reaction of spiropyran can be seen in figure 1.3.  While not 

visible in the two-dimensional molecular image the molecule changes from a chair 

confirmation when spiropyran to planar confirmation in merocyanine.  Merocyanine is 

zwitterionic, meaning it has two charged functional groups attached to it.  Spiropyran has 

a large polarity difference between its unreacted spiropyran and reacted merocyanine forms 

which makes it perfect for applications that require a large change in polarity.  Merocyanine 

can be reacted back to spiropyran with visible light.  The exact wavelength of light needed 

to revert merocyanine to spiropyran depends on the functional groups attached to the 

molecule37.  This makes it possible to tune the absorbance to what is needed by the system.  

The properties of spiropyran are highly dependent on its environment.   In highly polar 

environments the merocyanine form is more stable, while in less polar environments the 

more polar one is stable.  Spiropyran is thermochromic38-39, solvatochromatic40 (also see 

figure 1.2), acidochromatic41, and mechanochromatic42 in addition to its photochromic 

properties.  These wide-ranging properties make it a versatile molecule in many 

photochromic systems.   

 



 6 

 
Figure 1.3: Spiropyran (left) is transparent and reacts with UV (365 nm) light to form 

Merocyanine (right).  Merocyanine is typically blue due to the long-conjugated bond 

system in the molecule.  It is also zwitterionic and far more polar than spiropyran.  

Merocyanine will back react with visible light (500-650 nm) to Spiropyran.   

1.2.2 9-Anthracene Carboxylic acid 

 

 
Figure 1.4: The left shows the 4+4 photodimerization of 9AC while the right shows the 

IUPAC numbering scheme for anthracene. 

Anthracene is a molecule consisting of three fused benzene rings as seen in Figure 

1.5.  The molecule has a somewhat unique numbering scheme which may not be 

immediately apparent to those that have not worked with it previously43.  Constituents are 

always given the lowest overall number, so 9AC is lower than 10-anthracene carboxylic 

making it correct.  The 9AC system has been extensively studied44-47.  When exposed to 

UV light the 9 and 10 carbons under form bonds between stacked molecules.  This removes 

the resonance of the center ring and forms the butterfly like dimer as see in figure 1.4.  The 

dimer thermally back reacts to the monomer in the crystal.  The molecule will bend when 

exposed to UV light which can be used to make a molecular motor.  This makes 9AC a T-
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type photomechanical molecule that undergoes a bending motion when exposed to UV 

light.  This T-type behavior occurs because the crystal packing gives rise to steric 

interactions between the carboxylic acid groups opposing molecules.  This makes the 

photodimer unstable and causes it to revert to its monomer state thermally48.   

Anthracene is a fluorescent molecule.  In solution it fluoresces blue, while in the 

crystal is fluoresces green when exposed to ultraviolet radiation49.  9AC will dimerize in a 

crystal to form dianthracene by a 4+4 photodimerization as seen in figure 1.5.  When this 

happens, the crystal begins to fluoresce blue instead of green, giving an indication of how 

much of the crystal has dimerized.  The dimer itself is not fluorescence but the monomer 

that does not react will continue fluorescing.  The difference in color comes from the π 

stacking50.  That stacking is removed when the dimer is formed.  Figure 1.6 shows a crystal 

bending under irradiation of 405 nm light as well as the change in fluorescence that is 

observed when the crystal is reacted.  Using the crystal’s fluorescence, it is possible to 

accurately determine the rate at which the crystal is reverting to its original state 
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Figure 1.5: A) A 9AC crystal before irradiation under normal lighting conditions.  B) 

Immediately after the 405 nm light is turned on bending is visible, and the fluorescence is 

green.  C) The same crystal after irradiation for 15 seconds.  The fluorescence is blue 

instead green due to the dimerization o 9AC.  The stress from the bending of the crystal 

broke it in half.  If given enough time after the light is turned off the crystal would 

straighten out and fluoresce green again.   
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1.2.3 4-azidobenzoic acid 

 

 
Figure 1.6: 4ABC will react with UV light to form a nitrene plus nitrogen gas.  In an 

uncontrolled environment the nitrene will rapidly react with most molecules such as 

oxygen or solvent to form the end product (example of nitrobenzoic acid shown). 

The final reaction set that will be discussed in this thesis is the release of gas from 

molecules using light and the radicals left behind.  Azides (N3) are well known nitrogen 

releasing compounds.  The most famous azide is sodium azide, which was used as a 

propellent in air bags in cars51.  Organic azides will release nitrogen gas when exposed to 

ultraviolet light with smaller organic azides reacting more violently.  The release of 

nitrogen gas is accompanied by a nitrene biradical which typically reacts with any nearby 

molecule as seen in figure 1.652.  The release of nitrogen gas from the solid is a very 

energetic process with the resulting gas occupying substantially more volume than the 

original molecule.  In a crystal this would lead to a photosalient effect, or a jumping and 

shattering of the crystal from the high amounts of stress the gas creates within the structure 

as seen in figure 1.7 53.  Organic azides, such as 4-azidobenzoic acid, are typically used in 



 10 

organic reactions, being particularly useful for synthesizing peptides and as a nucleophile 

in SN2 reactions.54   

 
Figure 1.7: A) The original 4ABC crystal before irradiation. B) The crystal shortly after 

radiation has begun.  Cracks can be seen forming in the crystal as stress builds up.  C) The 

crystal shatters and jumps as the built-up energy is released. D) Only fragments of the 

original crystal remain.  The crystal also changed from white to orange-brown after 

irradiation.  4ABC is only photosalient under 405 nm irradiation.   

 

1.3 Photoreversible Adhesion with Spiropyran 

Adhesion is an industry that generates more than 60 billion dollars’ worth of 

revenue annually and is expected to rise to over 100 billion dollars by 203055.   The majority 

of adhesives are used in industrial capacities with construction, manufacturing, and 

transportation but there has been substantial growth and research put into adhesives for the 

medical field56.  Low odor and hot melt adhesives are particularly attractive because of 
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their reduced environmental impacts57.  Photoreversible adhesives can be the ultimate 

green adhesives as they do not require solvent or heat to adhere or deadhere from surfaces.  

Their ability to be turned on and off with light completely removes the need solvents or 

high temperatures.   

Adhesion is the phenomenon whereby dissimilar particles or surfaces cling to each 

other.  Cohesion is the phenomena where similar particles or surfaces cling to each other.  

Both are necessary to form a good adhesive58.  While many categories of adhesives exist, 

we will be focusing on two, chemical and mechanical adhesion.  Mechanical adhesion is 

physical connection, such as a screw and bolt, or an intrusion of a component between two 

surfaces.  Mechanical adhesion tends to be very strong, as something must physically break 

or be removed in order to destroy that adhesion59.  Chemical adhesion can occur in a variety 

of methods.  Cross linking, electrostatics, and Van der Waals forces are all methods of 

generating adhesion.  Crosslinking typically forms a strong adhesive bond but is 

irreversible by most normal methods60-61.  Dipole interaction can be reversible if the dipoles 

can be turned off but is typically weak13.  Van Der Waals forces are typically very weak, 

but the gecko uses its unique feet to great effect.  There has been much study of gecko feet 

for adhesion with some success though the adhesive effectiveness of gecko feet is greatly 

dependent on the angle of contact of the foot, limiting its usefulness somewhat62.   

Most adhesion is not reversible.  While this is useful for many applications where 

removing the adhered objects is not an issue there are many applications that would benefit 

from reversible adhesion.  Having control over adhesion with light would be useful in many 

fields, in particular the medical field, for releasing drugs to the spot where they are needed, 
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or to protect a surface from chemicals.  Light controlled adhesion occurs in many ways; 

photocrosslinking, photoinduced phase changes63-64, and mechanical bonding65-66 between 

surfaces have all been previously explored.  These all have the drawback of requiring large 

chemical changes, a specialized surface, and are usually nonreversible.  By using light to 

switch on and off electrostatic properties of a molecule in an adhesive adhesion can be 

created or removed between any polar surface and the adhesive layer.  A model of 

noncovalent electrostatic adhesive can be seen in figure 1.8.   

 

Figure 1.8: A model of reversible adhesion using noncovalent forces.  The substrate, in 

this case glass, is made polar by the piranha treatment.  The nonpolar glue contains a 

photochrome weakly adheres to the surface when not reacted.  Once reacted the molecule 

becomes highly polar and more strongly adheres to the surface.  This adhesion remains 

until the molecule is back reacted to its original form at which point the adhesive film is 

only weakly attached to the surface and detaches.   

In this model spiropyran is an ideal reversible photochromic molecule.  Spiropyran 

has a large polarity difference between its unreacted spiropyran and reacted merocyanine 

forms which makes it perfect for a noncovalent electrostatic adhesion67.  Many types of 

spiropyran exist which can be tailored to the system.  Absorption wavelengths can be 

adjusted by adding or modifying substituents on the molecule. allowing the system to be 

tailored to specific needs.   Isomerization can deform the adhesive layer and induce 
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mechanical adhesion in addition to noncovalent adhesion13.  The adhesive layer must not 

deform or must recover from the deformation to make the adhesion fully reversible.    

 

1.4 Photomechanical crystals 9-Anthracene Carboxylic Acid 

 
Motion is another response that can be elicited from a chemical system with a 

stimulus.  Using a light to move a photoactuated motor to transfer energy from one area to 

another has obvious benefits over traditional electrical methods.  Copper wires are heavy, 

comparatively fragile and can corrode68.  Fiber optic cables are light weight, and low 

maintenance leaving many potential applications where weight is critical such as the 

aerospace industry or where corrosion is commonplace like maritime industry.  Many such 

photomechanical systems exist, one of the most well-known is that of 9-anthracene 

carboxylic acid (9AC)69-70.  This system has the potential to be used as a molecular machine 

as it can bend and revert to its original position with no additional input beyond the light 

required to initiate the reaction, however the room temperature reversion of the 

dimerization is too slow.  By adding a single fluorine in the four position the back reaction 

was able to be increased by almost an order of magnitude over the non-substituted system71.  

Likewise, it can be slowed down by substituting a different atom in the 10 position.  If the 

group is large enough, like a phenyl group, the photomechanical motion is lost 

completely72. This result inspired as investigation to further optimize the 9AC system so 

that it can be used in practical applications.  Ideally, we are seeking to understand and 

model the system so that we can have a faster photomechanical system that can act as a 

molecular motor under light.  To this end a two-pronged approach was devised to tackle 
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the issue.  First theoretical calculations were done to determine trends of halogen 

substitution on 9AC.  These were then verified experimentally.  This process will allow for 

the design of molecules with the properties required for a photon driven motor, saving time 

by not synthesizing less productive compounds and providing an agile stimulus-response 

photomechanical system.   

 

1.5 Photolysis of Crystalline 4-Azido-2,3,5,6-tetrafluorobenzoic acid 
 

Initially the goal of this project was to design a system to harness the energy of the 

photosalient effect and achieve a work output using a 405 nm light source.  A photosalient 

molecule is a nonreversible reaction but the energy released is substantially greater than 

that of the 9AC system73.   When performing preliminary experiments however a much 

more interesting phenomenon was observed using 365 nm light to photo react the 4-Azido-

benzoic acid (4ABC) in a crystal.  The photosalient effect was no longer observed when 

reacted with 365 nm light and the nitrene biradical was stabilized for days when reacted in 

the crystal.  Typically, a highly inert matrix, such as solid argon, is needed to stabilize the 

nitrene74.  The stabilization of an intermediate product may not seem immediately 

interesting as this can already be done using solid argon, however this greatly limits its 

usefulness as the system must be stored in a cryogenic state.  The emerging field of 

quantum information could make use of a stabilized nitrene.  The nitrene is a quantum 

mechanical two-state system which is a requirement for many facets of quantum 

information systems75.   
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1.5.1 Electron Spin and Quantum Computing 

 

 
Figure 1.9: A chip consisting of four qubits produced by IBM.  This chip has four qubits, 

four buses and four readout resonators.  If cavities are not carved appropriately the chip 

will not function.  Reproduced from Springer Nature under the creative commons license.86   

Quantum Computing (QC) was initially proposed by Paul Benioff in 1980 when he 

created a quantum mechanical model of a Turing machine76 and it is one of the major 

research drives of the second quantum revolution.  The cornerstone of the quantum 

computer is the quantum bit, or qubit, a quantum analog to a transistor77.  A qubit can be 

any two-state quantum mechanical system, but a viable qubit must have several properties; 

a long coherence time in its superposition state (>100 µs), be initialized in a specific initial 

state (1 or 0), is well-defined and scalable, can be individually measured, and is able to 

devise universal quantum gates78.  QC and classical computing can accomplish all of the 
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same tasks; there is nothing that one can do that the other cannot but how they function 

makes the quantum computer exponentially faster in some tasks, such as prime number 

factoring.  This is critical for computer security as most common encryption algorithms are 

secure because of the difficulty of factoring large numbers.  QC will also greatly boost the 

speed of large calculations, such as those seen in large chemical and physical simulations79.  

Typically, the biggest issue in any QC system is coherence times.  Usually, devices must 

be cooled to millikelvin temperatures to maintain coherence times long enough to use for 

quantum computing 80.  A wide variety of qubit candidates exist, photons, ion traps, lattice 

defects, superconductors, quantum dots, and electron spin qubits to name a few81.  The 

most popular qubit candidate is the superconducting qubit being developed simultaneously 

by several major companies such as IBM 82, Intel83, and Google84.  A superconducting 

qubit consists of a Josephson junction and a series of carved resonance channels at the 

macroscopic level as seen in figure 1.9.  This is one of the few macroscopic size qubits and 

can be manufactured by traditional means.  These qubits ideally are identical down to the 

atom, which is not feasible with macroscopic manufacturing methods.  These imperfections 

lead to each superconducting qubit having a personality according to an engineer that 

works on the system85.  Having too many personalities in quantum computer can inevitably 

lead to issues in the system.  This poses obvious problems for scalability of 

superconducting qubits in the long term.  Chemical or physical systems can avoid this by 

virtue of all of the qubits (typically atoms) being the same.  Electron spins, such as those 

seen in a nitrene, are a viable qubit candidate however no research to date has looked at 

nitrenes viability in quantum information systems.  The closest analog to a nitrene qubit is 
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a crystal defect qubit, or more specifically a diamond vacancy center.  Diamond vacancy 

centers, or nitrogen vacancy centers have one of the longest coherence times of any qubit 

candidate, having microseconds of coherence time at room temperature.    

1.5.2 Defect Centers in Quantum Computing 

The diamond vacancy center, or nitrogen vacancy center (NV center), is the 

primary defect center used in quantum computing and the closest comparison to the 

proposed nitrene qubit.  In this crystal a nitrogen defect is present in the tetrahedral 

diamond lattice.  There is a vacancy in the lattice next to the nitrogen.  The NV center of 

interest will be negatively charged with three bonds to carbon atoms and a lone pair giving 

the nitrogen a negative charge87.  NV centers have many properties that make them useful 

for quantum computing88.  They have long coherence times89, easy manipulatable spin 

states90-91, convenient optical excitation, and emission properties92, and are easily scalable.  

The coherence time is among the best of any qubit candidate due to the rigid crystal 

structure and separation from other spins.  NV centers can be optically read by using 

optically detected magnetic resonance (ODMR)93.  Figure 1.10 shows the energy layout of 

the NV center which allows for an optical readout of the spin state of the NV center.  NV 

centers can be produced but it is somewhat difficult as the nitrogen defect must be in the 

crystal, then high energy gamma rays are used to make vacancies.  Finally, the diamond is 

annealed at 700 °C until the vacancies and nitrogen atoms are by each other in the 

diamond94-96.   The diamond is then shaped into an optical cavity to better observe the 

fluorescence readout of the qubit.  This process is quite intensive.  Furthermore, NV centers 

have a relatively long radiative lifetime of 12 ns which greatly slows down the processing 

speed of the qubit97-98.  Using azides, we hope to be able to use ultraviolet light to generate 
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Figure 1.10: The approximate energy levels of the diamond vacancy center.  The NV 

center absorbs green light (532 nm).  If excited from the Ms=0 state it will remain in the 

same state when excited.  This electron will then radiatively decay back to its ground state 

emitting red light (637 nm).  If in the Ms=±1 state, there is a nonradiative pathway open to 

the decay of the electron available through intersystem crossing.  This will darken the 

fluorescence by approximately 30% allowing for the spin state of the system to be optically 

read99-100.  There are very few measurements of nitrene fluorescence101-102 and we were 

unable to find any ODMR data on nitrenes.  Many other crystal defects have a similar 

energy structure.103 
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stable nitrene radicals in a crystal and use this process to photo pattern radicals for qubits 

and other quantum technologies.   

 

1.5.3 Designing a stable Nitrene System for use in Quantum Computing 

 

The stability of the nitrene in the crystal likely is due to two factors.  First the crystal 

holds the nitrene in place preventing it from moving and reacting with other atoms in the 

crystal.  Second the nitrogen released from the photolysis of the azide is held in the crystal 

structure and oxygen was prevented from entering and reacting with the nitrene.  In 4ABC 

nitrogen gas slowly escapes the crystal104.  Designing a nitrene qubit will require three 

parts.  First is the azide that can be photolyzed to form the nitrene.  Second is a strong 

crystal directing group to prevent the formation of polymorphs and maintain the nitrenes 

in their positions after the azide has been cleaved.  Finally, the remaining portion of the 

molecule must provide appropriate spacing as well as enough other atoms to prevent the 

azide from being unstable.  4-Azido-2,3,5,6-tetrafluorobenzoic acid (4F4ABC) fit all of 

these categories.  It follows almost the same crystal structure but is slightly herringbone as 

seen in figure 1.11.  The crystal structure has less empty space in it than 4ABC and the 

empty space does not form continuous channels to the edge of the crystal.  Furthermore, 

fluorine molecules on phenylnitrenes have been shown to reduce side reactions such as 

ring expansion reactions105.  Using this final photoreactive system we have designed a high 

energy crystal that can only be created with light.  The rigid crystal structure holds the 

unstable nitrene in an isolated environment which allows for it to be used in quantum 

information systems.   
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Figure 1.11: A) The packing of 4ABC has the carboxylic acid groups facing each other 

and the azides form long channels through the crystal.  This can allow the nitrogen to 

escape and oxygen to enter to react with the nitrene destroying the radical.  B) 4F4ABC 

has a herringbone structure similar to 4ABC but the channels through the crystal are less 

well defined.  This should better trap nitrogen in the crystal and extend the radical’s life. 
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1.6 Optimizing Photoreactive Systems (This Work) 
 

Light driven stimulus response chemistry is a rapidly advancing field.  Many types 

of photoreactive systems have been discovered.  Typically, if they are not immediately 

remarkable, they are set by the wayside, or characterized and forgotten.  By optimizing 

these existing systems, we can get more useful properties that can be exploited. The work 

in this thesis looks at already existing photoreactive systems, and studies ways to optimize 

or otherwise enhance them.  In Chapter 3 a reversible photoadhesive is created from a 

photochromic molecule, spiropyran, and a rigid polymer, zeonex.  This is an improvement 

over a previous system where polystyrene was used.  Previously, adhesion could be 

increased, but not reversed13.  The more rigid, higher glass transition temperature polymer 

allowed for reversal of the adhesive properties.  In Chapter 4 the 9-anthracene carboxylic 

acid system was optimized by looking at different substitutions, primarily by halogens, on 

the structure.  Energetic calculations were also performed to look for molecules that would 

revert more quickly and this was verified by using a technique called fluorescence recovery 

after photobleaching.  The position of the substitution, type of substitution, as well as the 

number of substitutions had a large impact on how quickly a molecule would revert to its 

monomer state.  Interesting highly concentration dependent photodynamics in the crystal 

were also observed which will require further investigation.  In Chapter 5 we look at an 

already existing system, 4-azidobenzoic acid which had previously been shown to generate 

stable nitrenes in the crystal106.  We further characterize the system for use in quantum 

information systems and once again looked at the addition of fluorines to the system.  This 

made the nitrene substantially more stable and greatly decreased the creation of side 
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products.  Further studying these molecules showed they can be used in quantum 

information systems, though the specific properties quantum properties will need further 

research.  Each of the systems looked at in the work already existed, however the research 

put forth in this work improved the properties in some way making it more useful for real 

world applications of photoreactive materials.  This work represents another step forward 

stimulus response systems and brings provides new applications for these light driven 

systems.   
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Chapter 2 Experimental Methods 
 

This chapter will explain how certain setups were built, how instruments work, or 

why certain parameters were chosen for the experiments.  The procedures for each 

experiment can be found in their respective chapters.   

 

2.1 Photoreversible Adhesives 

 

2.1.1 Instron 5900 Series Universal Testing Systems 

 

 
Figure 2.1: The Instron 5942 with the installed 100 N load cell and a sample mounted in 

place. 

The Instron 5942 (Single Column Tabletop Testing System) is a mechanical tester 

with a 100 N load cell as seen in figure 2.1.  This instrument is owned by the Uhrich Group, 

and they have been very helpful with all of our requests to use it.  This instrument slowly 

pulls apart and registers the force required to do so.  This was used for the shear strength 

measurements.  Very precise alignment was needed to ensure that the glass slides were still 

adhered after loading the sample into the instrument.  Due to the difficulty of mounting 

two perfectly vertical attachments to glass slides this instrument was only used for the shear 
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strength measurements; weights were added top of the sample suspended above a surface 

instead of using Instron.  1 mm per minute was chosen as the pull apart rate in order to 

ensure that the maximum strength was recorded.   

 

2.1.2 Piranha Cleaning 

 

Piranha is a solution that is used to clean organic residues off of substrates.  It is a 

3:1 mixture of 30% hydrogen peroxide and sulfuric acid which is heated to boiling.  The 

solution is corrosive and a powerful oxidizer and will easily dissolve organic matter as well 

as hydroxylate most surfaces.  The solution is also explosive if organics are added directly 

to the solution.  The piranha solution is prepared by placing the surface that needs to be 

cleaned into a glass container.  The sulfuric acid is then added, and the hydrogen peroxide 

is added slowly to the acid.  The solution may start boiling when the hydrogen peroxide is 

added.  After the initial reaction has subsided, heat is applied to keep the solution at a low 

boil1-2.  The boiling was done for 15 minutes then the slides were removed, rinsed in 

deionized water, and used immediately.  Environmental health and safety has specialized 

safety equipment for piranha including waste bottles, caps, and signs like those seen in 

figure 2.2.     

 

  
Figure 2.2: Warning signs for piranha solution provided by UCR's Environmental Health 

and Safety 
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2.2 9-Anthracenecarboxylic Acid-Fluorescence Recovery After 

Photobleaching 
 

Fluorescence Recovery After Photobleaching (FRAP) is a technique that is 

common in the field of biochemistry and biology to measure the diffusion of fluorescently 

labeled proteins3.    By adapting this technique, we are able to track the recovery of various 

9AC compounds.  As previously discussed, anthracene fluoresces green in a crystal when 

in its monomer form and is surrounded by other monomers.  As the monomers are isolated 

when dimers form the molecules lose their pi-pi interaction and individual anthracene 

molecules begin fluorescing blue instead as if they were in solution.  By using a pump 

probe setup, we can use an intermittent weak laser beam to measure how much green light 

is emitted and track the recovery of the 9AC molecules4.  The pump spot is much more 

powerful than the probe and only operates for a limited time to bleach the sample.  The 

weak probe beam would ideally be able to track the recovery without impacting the 

recovery of the molecule.  By tracking the fluorescence recovery, we are able to better 

characterize the back reaction and energetics of the crystal system.   

The setup for the Fluorescence Recovery After Photobleaching (FRAP) 

experiments was a typical pump probe style set up as seen in figure 2.3.  First the pinhole 

allowed only the mode that was desired to continue.  Then the light was attenuated, 

typically with an ND 2.0 before being collimated.  It was then passed through a chopper at 

100 Hz and split into the pump and probe beams.  The pump beam was focused so it was 

much smaller than the probe beam in the sample.  The probe beam is attenuated with 

additional ND filters before being rejoined with the probe beam and entering the 
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microscope.  The light entered the Olympus IX-70 inverted microscope the laser in the 

side.  The photo multiplier tube (PMT) was positioned at the side port and had a 500 long 

wave pass filter to prevent any light from the monomer from reaching the PMT.  When 

necessary, the probe beam was manually blocked with a piece of paper to ensure that it had 

no impact on the recovery rates. 

 

Figure 2.3: The basic set up of the pump-probe beam for FRAP.  This set up used a 405 

nm laser, a 2.0 neutral density filter after the pinhole, 10 cm collimating lenses, a 100 Hz 

chopper, a 1.7 neutral density filter after the beam splitter (this was adjusted based on the 

sample).   

2.2.1 X-Ray Diffraction 
 

X-ray Diffraction (XRD), or X-ray crystallography is the primary method used for 

determining the atomic and molecular structure of a crystal.  It works by taking a 

monochromatic X-ray source and focusing it on a crystal mounted on a goniometer.  The 

goniometer rotates producing a diffraction pattern at several different angles.  Using the 



 36 

known chemical data of the crystal, and Fourier transformations multiple two-dimensional 

images are put together to generate a three-dimensional structure.  Critical to XRD is 

Braggs law.  This states that two beams of identical wavelength at a given angle will 

interfere constructively when they travel an integer value of the wavelength relative to the 

interplane spacing of the crystal as seen in figure 2.4.  The Bragg equation can be written 

as5: 

𝑛𝜆 = 2𝑑 sin (𝜃) 

Where n is the diffraction order and a whole number, λ is the wavelength of the beam, d is 

the interplane spacing of the crystal and θ is the angle of incidence of the x-rays.  Braggs 

law holds true for any quantum beam, including electron beams and visible light on lattices 

of the appropriate size.  In XRD larger atoms diffract much better than smaller atoms 

making it harder to obtain the XRD structure for only small atoms.  Hydrogen atoms are 

typically calculated into the crystal structure and not actually measured due to their small 

size.  XRD has been vital to the advancement of many branches of science and gives insight 

into the interactions of molecules.   
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Figure 2.4: Two beams with the same wavelength elastically scatter off of the atoms of 

the crystal.   They will interfere constructively at whole number values for n. 
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2.3 Nitrene generation and characterization 
 

2.3.1 EPR  

 

Electron Paramagnetic Resonance (EPR), sometimes called Electron Spin 

Resonance (ESR), is a microwave spectroscopy technique for measuring materials that 

have unpaired electrons.  Fundamentally EPR functions in a similar way to nuclear 

magnetic resonance (NMR) but NMR looks at nuclear spins instead of unpaired electrons.  

EPR relaxation time are also typically much faster than NMR relaxation times.  Paired 

electrons do not give a signal in an EPR which limits the applications of the technique.  All 

electrons have a spin quantum number with a value of ms= ±½.  Normally in these energy 

levels are degenerate, or they have the same energy.  In an EPR a magnetic field is applied 

which changes the system which splits the degenerate energy levels into a lower and higher 

energy level due to the Zeeman Effect.  Figure 2.5 shows the Zeeman effect and expected 

transitions in an EPR.  The stronger the magnetic field is, the more energetic the radiation 

must be to drive the electrons between states.  In a triplet (S=1), such as a nitrene, zero 

field splitting (ZFS) occurs, which means even in the absence of an applies magnetic field 

the energy levels are not the same.  This occurs due to the effects of inter-electron 

repulsions.6-7 

 There are two primary types of EPR, continuous wave (CW) EPR and pulsed EPR.  

A CW EPR is simpler and is primarily used in this research.  A pulsed EPR will be 

necessary for any quantum computing applications of nitrenes in order to probe the 

lifetimes of the two-state system.  CW EPR functions by placing a sample into a resonator 

cavity, setting the microwave generator to the resonant frequency, then varying the 
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magnetic field to scan for a signal (note that this is opposite of how an NMR collects data, 

where usually the field is held constant, and the microwave radiation is varied).   

 

Figure 2.5: An illustration of the Zeeman Effect.  The stronger the magnetic field the larger 

the splitting becomes.  In order to use the X band (9-10 GHz) a typical magnetic fiels of 

330 mT is applied for a g value of 2.  Trirplet nitrenes are more shifted and require almost 

twice that strength (670 mT).   

The general layout of a CW EPR can be seen in figure 2.6.  Data is typically 

displayed as the first derivative of the raw data.  There are many factors that can affect the 

EPR signal.  If a single crystal is being analyzed the crystal will be highly anisotropic, or 

it will give a stronger signal in one direction than another.  The crystal must either be 

aligned the same way to provide the same signal or a powder or liquid should be run 

instead.  Liquids must have a small (ε < 4) dielectric constant, or the signal will be 

attenuated6-11.  Hyperfine coupling arises from the interaction of an electron spin and a 

nuclear spin.  This is similar to J coupling in NMR.  An example of a sample with hyperfine 
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coupling and one without it can be seen in figure 2.7.  This can be beneficial as more 

information is given about the distribution of the unpaired electron can be obtained.  

Depending on the frequency of the EPR it may not be possible to resolve the signal with 

the X-band EPR alone6.  EasySpin is a MATLAB toolbox that is specially designed for 

EPR analysis that can fit hyperfine couplings among other things12.  EPR is highly 

temperature sensitive.  The sensitivity was described by Pierre Curie in what would be 

known as Curie’s law.  In general, for a fixed value of the applied magnetic field, the 

magnetic susceptibility is inversely proportional to temperature11.  CW EPR can give a 

general idea of the T1 and T2 times.   Sharper lines usually mean shorter T1, and T2 times 

though local spin density can affect this.  A signal to power dependance can also reveal 

information about T1 and T2.
13  

In pulsed EPR the sample is also placed in a resonator cavity, but a large range of 

frequencies are used at once.  This pulse rotates the electrons alignment in the magnetic 

field.  As they return to their ground state, they emit microwaves which are detected.  The 

Fourier transformation of the EPR signal transforms the data back to the frequency domain.  

Varying pulse sequences can collect different data on a pulsed EPR.  To determine the 

resonance frequencies an Echo Detected Field Sweep (EDFS) is performed.  This 

performed by using a π/2–τ–π pulse sequence.  In and EDFS measurement the microwave 

frequency is held constant, and the pulse sequence is not changed, while the echo intensity 

is recorded as a function of the magnetic field, generating results similar to a CW EPR.  

This is method is more sensitive than CW EPR as several sources of noise are removed, 

however a pulsed EPR has dead time between the pulse and the measurement13.  Typically, 
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Figure 2.6: A general diagram of how an X-band CW EPR works.  Microwave radiation 

is generated through either a Gunn diode or a klystron (vacuum tubes and a resonator).  The 

radiation is then passed through the sample cavity and moves to a phase sensitive detector 

which is sends data to a computer.  The computer controls the magnet and modulator to 

take the data and produce the spectrum.   

the T1 or the spin-spin relaxation time is determined by a population inversion pulse 

sequence π−T−π/2−τ−π−τ−echo.  This is done at a single magnetic field strength.  T2, or 

the spin-spin relaxation is measured by a Hahn echo pulse sequence of π/2−τ−π−τ−echo.  

T1 will typically be longer than T2, the reverse only happens by exception13,30.  There are 

many advanced techniques using pulsed EPR such as Electron Nuclear Double Resonance 

(ENDOR) which better shows the relationship between electron spins and nuclear spins17.  

Electron Spin Echo Envelope Modulation (ESEEM) is used to obtain nuclear spin 

transition frequencies14-17.  One final measurement that must be done on a pulsed EPR is 

the detection of Rabi Oscillations.  Rabi Oscillations, or the Rabi Frequency, is the 
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frequency that drives a two-state quantum mechanical system from the 0 to 1 state and back 

under a constant field.  A typical pulse sequence of tp−T−π/2−τ−π−τ−echo where T must 

be >5Tm is usually used and tp is a nutation pulse.  To ensure that Rabi oscillations are 

detected a power dependence should be taken and the response should be linear.  If it is not 

then the detected signal may be something else, such as Larmor processions18.  UC 

Riverside does not have a pulsed EPR system.  USC, the National High Magnetic Field 

Laboratory, UCSD, and UCSB each have an instrument which time could be obtained on.   

 

Figure 2.7: An example of a sample without hyperfine coupling (left) and with hyperfine 

coupling (right).  The X band EPR could not resolve all of the individual peaks, so they are 

jumbled together.  EasySpin can still fit all three nitrogen atoms in the signal. 

 

Optically detected magnetic resonance (ODMR) is another magnetic resonance 

technique but instead of using a microwave detector the readout is performed optically.  

The underlying principle of ODMR is the same as in EPR and it still makes use of the 

Zeeman effect.   In ODMR one state, typically the ms=±1 state, is a dark state meaning it 

does not optically fluoresce.  The other state, typically the ms=0 will optically fluoresce.  

This occurs because the ms=±1 states will undergo intersystem crossing to a singlet state 
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and relax in the infrared region while the ms=0 state does not and instead emits light with 

a Stokes shift.  The electron’s state can therefore be detected by monitoring the 

fluorescence of the visible emission while using microwaves to drive the electrons from 

the ms=0 to the ms=±1 state.  This also provides a readout of the information in quantum 

information systems which is critical for practical applications19-23.  UCR does not have 

any ODMR capabilities.   

 
Figure 2.8: The Brucker EMX EPR instrument at UC Riverside used in the experiments.  

The magnet and resonator cavity are visible in the middle, the temperature control is above 

the magnet.  The power supply for the magnet and transputer are on the front right of the 

image.  The X-band microwave generator is absent from the picture as it was being repaired 

at the time.  The dewar for the cryogen is behind the instrument.   

UC Riverside has a Brucker EMX x-band EPR spectrometer seen in figure 2.8.  The 

design and manufacture are quite old as the software was designed for Windows 95.  The 

cavity and large electromagnet are still functional and have superb sensitivity.  The age and 

use of the instrument have led to the resonance of the cavity to have shifted left of where 

it should be in the calibration window.  This does not affect the data when properly 
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calibrated.  There is an Eurotherm temperature control unit with the instrument that enables 

temperatures down to 90 K but in practice it is not possible to go below 100 K with liquid 

nitrogen.  There is a separate liquid helium sample chamber but that was not used for these 

experiments.  A full tank of liquid nitrogen will allow for approximately 2-3 hours at 100 

K and 5-6 hours at 125 K.  When using the liquid nitrogen ensure the heater is on the lowest 

setting that gives the desired temperature to prolong the nitrogen in the tank.   

Parameter Setting used 

Modulation frequency 100 kHz 

Modulation amplitude 8 G 

Receiver gain 20 dB 

Time constant and conversion time 1:1 ratio at 20.48 ms (large scans) or 

163.84 ms (focused scans) 

Data points 512-4096 

Microwave attenuation 20 dB 

Table 2:1: Common parameters used in the EPR for analysis.  Additional details on the 

why settings were chosen can be found in the text.   

Parameter settings vary depending on samples.  This is a brief summary of the 

parameters used for analysis.  Modulation frequency is by default 100 kHz, and this was 

what used for the nitrene analysis.  For samples with sharp lines the modulation frequency 

should be lowered to avoid distortions.  A higher modulation amplitude will increase the 

signal of the EPR to a point however it will sacrifice some sensitivity in the process.  8 G 

was used for all modulation amplitudes.  Receiver gain increases the signal and noise in 

the sample.  20 dB was used for all samples.  This should be started in the middle so the 

signal can be kept within a reasonable value if more or less receiver gain is required.  The 



 45 

conversion time is the amount of time the analog-to-digital converter spends integrating 

signal at one data point before moving on to the next.  The longer the conversion time, the 

better the signal to noise ratio is.  The time constant, or response time, also helps to increase 

signal to noise ratio by 1/TC.  The time constant should be about ¼ of the conversion time.  

Increasing the time constant to match the conversion will increase signal strength.  Nitrene 

analysis used the same conversion time and time constant for each run, 20.48 ms for the 

large scans and 163.84 ms for the focused scans.   The number of points is a rather self-

explanatory setting.  More points lead to more detail in the signal to a point, and longer 

sample run times.  It is necessary to have 10 points for every peak, though it can be 

beneficial to have more.  There will come a point where additional data points do not 

provide any more information and only increases run time.  4096 data points was used for 

the large sweeps (~8000 G) and 512 points for the small sweeps (~500 G).  To calculate 

the sample run time per scan multiply the conversion time by the number of points.  The 

sample run time should be kept to under 3 minutes to minimize drift.  The instrument is 

generally more stable after having warmed up for half an hour and more stable when using 

the cryostat.  The number of scans also requires no additional explanation.  The EMX at 

UCR however does not average the data obtained from each run, it simply adds the data 

together.  Only one scan at a time was run to better account for drift.  The microwave power 

is not directly controlled, instead microwave attenuation is used to control the power.  This 

can range from 0-60 dB; 20 dB was used for all analysis which corresponds to 2 mW of 

power.  More power will lead to more signal, with the signal increasing by the square root 

of the power, however excessive power can cause sample heating, or saturation.  Saturation 
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is more of an issue in samples with long relaxation times, or sharp peaks.  The center field 

is the center point of where the EPR will scan.  The sweep with is the entire width of the 

EPR spectrum.  When analyzing with a sweep width of 500 G the instrument will scan 250 

G above and below the center field for 500 G total, not 500 G on either side.  Ensure the 

entire signal is within the window.  There is no noticeable drop in sensitivity on the edges 

of the analysis window, so no buffer zone is needed.  The harmonic option displays either 

raw data (0), the first derivative of the data (1) or the second derivative of the data (2).  

EPR data is typically analyzed by looking at the first derivative and all data used in this 

paper is shown using the first derivative.  The Oxford temperature controller is controlled 

externally, directly on the temperature controller, not through the computer.  The power of 

the liquid nitrogen heat exchanger device controls the cooling while the temperature 

controller controls the heater.  When a good seal is formed between the cryostat and the 

heat exchanger the minimum power will give 150 K without the heater turned on.  At 50% 

power, the maximum power that is recommended for the heat exchanger, the temperature 

will be just below 100 K.  Exceeding 50% power on the heat exchanger will cause the 

sample to vibrate in the resonance chamber and decrease data quality even when properly 

secured.   

Sample analysis should be done in specially made EPR tubes.  Wilmad quartz 

(CFQ) EPR tubes were used in both 100 mm and 250 mm lengths with a 4 mm outer 

diameter.  The instrument has sample holders for a variety of tube sizes.  Tubes need to be 

washed and dried with organic reagents that will not leave behind salts as they can be 

picked up by the EPR.  The outside of the tube should also be wiped with ethanol and a 
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kimwipe before inserting the sample into the resonator (note that if samples are being run 

using the cryostat this should be done before freezing).  The sample should be centered in 

the resonator, there is nothing to stop the sample at the correct point so measurements must 

be taken beforehand.  If samples are inserted to the same depth the frequency adjustments 

will be minor when a new sample is inserted.   

 EPR samples do not require special preparations.  Powders can be placed directly 

into the EPR tube.  Samples should be no more than half a centimeter in height.  Too much 

of a sample in the tube can lead to distortions of the EPR signal while too little will result 

in a loss of signal.  Samples should be rotated 90° and run a second time to ensure that the 

powder is fine enough to avoid anisotropic effects.  If a single crystal is being analyzed the 

orientation should be kept constant.  Liquids must have a dielectric constant of 4 or less to 

analyzed in the EPR.   

2.3.3 Laser Fluorescence 

 

Laser fluorescence is a spectrometry technique that uses a laser to excite a molecule 

which then fluoresces.  This is functionally similar to normal fluorescence but instead of 

using a lamp to excite the sample a laser is used.  The coherent monochromatic light source 

allows more power of the desired wavelength to excite the sample.24  Care must be taken 

to not heat the sample using too much power from the laser.  Figure 2.9 shows the general 

setup of the laser fluorescence that was used.   
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Figure 2.9: The laser fluorescence setup begins with the laser going through the hot mirror 

to remove wavelengths >750 nm.  A neutral density filter is applied here to attenuate the 

laser power to the desired intensity.  A lens then focuses the light on the sample.  The 

sample fluoresces and a second lens collimates the light.  The final lens focuses the sample 

on the detector and includes a notch filter or long wave pass to remove laser scatter from 

the signal.  The signal is then collected by the optical fiber and sent to the detector.   

The laser used was a 405 nm, 465 nm or 532 nm laser depending on the sample.  

The laser power was attenuated to 2 mW to start measurements and increased until an 

appropriate signal to noise ratio was obtained.   Usually, 20 mW of laser power would 

saturate the detector when using the crystal.  When using glass samples in the cryostat the 

sample would visibly change when more than 50 mW of power was used.  The detector 

used was an Ocean Optics USB 4000 spectrometer.  Integration times and repetitions per 

sample varied but 200 ms and 20 repetitions gave a good signal to noise ratio and gave a 

good dynamic range.  The dark spectrum needed to be updated between each sample. 
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2.3.4 Diffuse Reflectance 

 

 

Figure 2.10: Specular reflectance is what is seen using a smooth surface like a mirror.  

Diffuse reflectance is much less intense and can be seen from a much wider range.   

Diffuse reflectance spectroscopy is a type of optical spectroscopy that looks at the 

scatter of light off of a surface.  There are two main types of reflectance from a surface, 

specular reflectance, like that what is seen off of a smooth surface like a mirror, and diffuse 

reflectance which is what is reflected off of a mat surface.  A colored powder is ideal for 

analysis using diffuse reflectance.  Figure 2.10 shows the difference between specular and 

diffuse reflectance.  In diffuse reflectance the sample is placed on a highly reflective 

substrate, usually barium sulfate for measurements in the ultraviolet to near infrared range 

and potassium bromide for farther in the infrared spectrum.  The sample is placed in an 

integrating sphere to better capture the light from the sample.  The reflectance of the sample 

is compared to a blank to determine the reflectance of the sample.  The reflectance can be 

converted to absorbance for comparison to normal absorbance data.  One of the major draw 

backs of diffuse reflectance is its low sensitivity compared to absorbance measurements.  
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Nitrenes are unstable outside their crystal, making diffuse reflectance necessary to find the 

absorbance of the molecules.25-26 

 

2.3.5 Glass Formation 

 

A glass is an amorphous solid that is usually transparent.  Glass is commonly used 

in optics because of its desirable qualities.  Glasses are transparent due to the lack of grain 

boundaries that are found in crystalline materials.27   The nitrenes are highly reactive and 

must be in an inert matrix in order to prevent the nitrene from reacting.  This is typically 

done using a solid argon matrix28-29 or a glass.  To form a chemical glass a solvent that 

does not crystalize should be used.  Ethanol will occasionally work but solvents with extra 

methyl groups attached, like 2-methyltetrahydrofuran (2-MeTHF) or methylcyclohexane, 

as seen in figure 2.11, work much better and will dissolve a wide range of compounds.  

They can also be mixed to form a glass.  Butylated hydroxytoluene is sometimes added 2-

MeTHF to prevent the formation of explosive peroxides.  This does not affect the formation 

of the glass but does increase absorption in the ultraviolet region and gives an emission in 

the blue.   

In the nitrene experiments a glass of 2-MeTHF was created by dissolving the azide 

compound in 2-MeTHF.  This was added to the analysis cuvette and capped tightly.  This 

was covered in indium where the cuvette was not illuminated and mounted into the cryostat 

and liquid nitrogen was poured down the cryostat.  The cryostat was pumped down to 

stepwise to prevent the 2-MeTHF from evaporating as the cap on the cuvette was not 

airtight.  Once below the freezing point of 2-MeTHF (137 K) the pump was left on, and 

nitrogen was kept in the cryostat for at least 4 hours before analysis.  Even at these low 
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temperatures the 2-MeTHF slowly reacts with the nitrene once created so useful 

measurements can only be taken for 5-10 minutes.   

 
Figure 2.11: Methylcyclohexane (left) and 2-methyltetrahydrofuran (right), are both good 

glass forming molecules. 
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Chapter 3 Reversible Adhesion Switching Using Spiropyran 

Photoisomerization in a High Glass Transition Temperature 

Polymer 
 

3.1 Introduction 
 

 Materials that change their properties in response to external stimuli (light, heat, 

pH, etc.) can be used to make structures that adapt to their surroundings.  For example, the 

assembly or disassembly of objects or thin films “on command” could be useful for some 

applications.  In the case of drug delivery, it is desirable to have a container that can 

disintegrate when required.  For active transport, one would like to attach an object to a 

carrier, move it, and then detach it in a different location.  For surface protection, it is 

important to be able to apply a protective coating that can be easily removed.  In all these 

examples, the ability to turn off the adhesion between two objects using an external 

stimulus would be an enabling technology.  The use of light as a stimulus is in many ways 

ideal because it does not require physical contact or exposure to additional chemical 

species.  Light also provides many parameters (intensity wavelength, polarization) that can 

be varied to selectively control adhesion changes. 

 Light-controlled adhesives can be based on a variety of physico-chemical changes.1  

Photocrosslinking that creates covalent bonds between surfaces is an approach that leads 

to irreversible bonding.2, 3  Mechanical bonding between surfaces can be modulated by a 

photoisomerization reaction that induces a large change in mechanical strength or 

tackiness.4, 5  In extreme cases, photoinduced melting can occur, leading to very large 

changes in the material’s ability to adhere.6-13  Rather than relying on large changes in 

chemical bonding or mechanical properties, adhesion can also be reversibly modulated 
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using purely noncovalent interactions, for example by using photoisomerization to switch 

the electrostatic properties of a molecule bound to a surface.14-20  Instead of using surface-

bound molecules that switch polarity after photoisomerization, it is also possible to simply 

embed the photochromic molecules into a polymer host.21, 22  This approach has the 

advantage of simplicity, since it does require surface chemistry and the polymer host has 

well-defined properties.  It also has the advantage of clean separation without leaving 

residual bound molecules behind.   

 In order to modulate solid-solid adhesion, our idea is to switch the effective polarity 

of a polymer layer, and thus its Coulombic interaction with the surface, by utilizing the 

photoisomerization of a photochromic dopant.  In previous work, we found that spiropyran 

(SP) isomerization in polystyrene could enhance its adhesion to a clean glass surface by 

5×, but that this change was mostly irreversible due to internal mechanical changes in the 

polymer.22  In order to demonstrate decreased adhesion, we used a different donor-acceptor 

Stenhouse adduct (DASA) photochrome that started in a relatively polar form.  Visible 

light exposure could reduce adhesion by a factor of 2, but at the high dye concentrations 

used, the switching required up to 12 hours of light exposure.23  Based on these results, we 

identified some important material requirements for developing a more practical polymer-

glass system with reasonably rapid adhesion switching.  First, given that the substrate, 

Piranha-cleaned glass, is highly polar and hydrophilic, the reversible photochromic 

reaction should generate a large polarity change.  Second, the host polymer should be 

highly nonpolar so that its background contribution to the adhesive forces is minimized.  

Third, the host polymer should be resistant to nanoscale mechanical changes, so that only 
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the polarity change affects the glass-polymer interface.  If we assume that the nanoscale 

morphology changes result from local heating by the photochrome, then this means that 

the host polymer should have a high glass transition temperature (Tg).   

In this chapter, we demonstrate that a polymer-photochrome composite based on 

spiropyran in a Zeonex (ZX) host is capable of fulfilling all the above requirements.  The 

spiropyran (SP)→merocyanine (MC) photoisomerization provides a highly reversible 

reaction with a large polarity change24, 25, while replacing PS (Tg = 90-100°C) with the 

cyclic olefin polymer Zeonex (ZX) (Tg > 120°C)26 results in a highly nonpolar solid that 

should be more resistant to nanoscale mechanical deformations.  Ultraviolet (UV) light-

induced isomerization of SP to the polar MC form increases adhesion to a clean glass 

surface by a factor of 5, and this MC form is stable for hours in the ZX matrix.  Visible 

irradiation switches it back to the nonpolar SP form and close to its original weak adhesion.  

This high degree of reversibility was not observed for polystyrene films, and it allows us 

to harness the MC→SP reaction to make a light-controlled payload release device as well 

as accelerate the polymer film delamination rate in water by a factor of 100.  The kinetics 

of the water delamination, as well as the origin of some residual adhesion after switching 

back to the SP form are investigated.  Although the noncovalent intermolecular interactions 

used here have limited adhesive strength, they provide a clear example of how 

photochemistry can be used to control adhesion and stimulate a structural response in a 

macroscopic object.   
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3.2 Experimental 
 

3.2.1 Materials and Sample Preparation: 1′,3′-dihydro-1′,3′,3′-trimethyl-6-

nitrospiro[2H-1-benzopyran-2,2′-(2H)-indole]) (SP), was obtained from TCI.  Zeonex 

Z480 (ZX) was obtained from Zeon Specialty Materials.  Hydrogen peroxide (30%) 

concentrated sulfuric acid (95.0−98.0%), and toluene were obtained from Fisher Scientific. 

All chemicals were used as received.  Glass microscope slides (Fisherbrand 25 x 75 x 1 

mm) were cleaned using freshly prepared acidic piranha solution of a 1:3 ratio of 30% 

hydrogen peroxide and concentrated sulfuric acid.  The solution was boiled, and the glass 

slides were submerged for 20 minutes.  After removal from the piranha solution, the glass 

slides were thoroughly rinsed with Mili-Q (10 MΩ) water, dried with compressed air and 

used immediately.  ZX-SP mixtures for film casting were made by first preparing a 17.5 

mg/ml Zeonex solution in toluene.  Spiropyran was then added to the solution to attain the 

desired mass fractions of 0%, 6%, 11%, 20%, 30% or 40%.  Inspection of SP/ZX films by 

optical and atomic force microscopy methods showed homogeneous, smooth films with no 

sign of SP aggregates or scattering due to particles (Supporting Information, Figures 

S3.14). 

 

3.2.2 Characterization:  Water detachment tests were performed by dropping 2.5 μL of a 

ZX-SP toluene solution onto a piranha-cleaned slide.  Six circular films, three ZX only and 

three ZX-SP, were placed on the slide.  UV exposed samples were placed under a 365 nm 

bench lamp (UVP 15 W) with an intensity at the sample of 0.6 mW/cm2 for 1 min.  The 

microscope slides were then submerged in a water bath with stirring (1 inch stir bar at 900 
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rpm), and the number of detached dots was tracked over time.  Samples were irradiated 

with a 532 nm laser through a diffuser 6 inches above the sample.   

Pull-off adhesion tests were performed by cutting a glass microscope slide into 6 

mm wide strips before piranha cleaning.  3.5 μL of ZX-SP solution was added the top of a 

cleaned slide in two locations and the other pieces of cleaned glass were pressed on top.  

The entire structure was allowed to dry overnight.  UV exposed samples were placed under 

a 365 nm bench lamp (UVP 15 W) with an intensity at the sample of 0.6 mW/cm2 for 1 

min.  Weights were added to the center of the sample in 5 g increments every 10 seconds 

until the sample broke.  

Shear adhesion tests were performed using two piranha-cleaned glass slides.  10 μL 

of ZX-SP solution was added to the top of one slide and another cleaned slide was pressed 

on top.  The sample was allowed to dry overnight.  UV exposed samples were placed under 

a 365 nm bench lamp (UVP 15 W) with an intensity at the sample of 0.6 mW/cm2 for 1 

min.  For visible light exposure, samples were irradiated with a 532 nm laser through a 

diffuser placed six inches away from the sample.  Typically, the samples were irradiated 

by the 532 nm light for 30 minutes with an intensity of 30 mW/cm2.  The shear strength 

was measured using an Instron 5942 (Single Column Tabletop Testing System) with a 100 

N load cell.  Samples were pulled at a speed of 3 mm/min and each concentration was 

tested five times.   

Contact angle measurements were taken using a Kruss DO4010 Easy Drop.  

Samples were prepared on cleaned glass slides using 5 μL of ZX-SP solution and allowed 

to dry overnight.  UV exposed samples were placed under a 365 nm bench lamp (UVP 15 
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W) with an intensity at the sample of 0.6 mW/cm2 for 1 min.  Samples were irradiated with 

532 nm laser through a diffuser 6 inches above the sample.  5 μL of deionized water was 

placed on the surface and the software was used to measure the contact angle.   

Fluorescence data were obtained by a Horiba PTI QM-400 Fluorescence 

spectrophotometer.  Samples were prepared using 10 µL of ZX-SP solution and allowed to 

dry on glass slides overnight.  The sample were loaded into the solid sample holder and set 

to an angle of 30°.  Samples were excited with 570 nm light.  Absorbance measurements 

were taken using a Cary 60 UV/Vis spectrophotometer.  Glass slides were cut to cuvette 

width and 10 µL of ZX-SP solution were placed on the slide at the height of the beam (20 

mm) and allowed to dry overnight on a level surface.   

Payload release test samples were prepared in the same manner as the shear tests.  

Two cleaned slides were adhered by a layer of SP/ZX.  After drying and UV exposure, a 

130 g weight was attached to one of the slides and the assembly was then mounted 

vertically.  Irradiation with a 532 nm laser began 30 minutes after the sample was mounted.  

A diffuser was placed six inches from the sample.  The time it took the sample to drop after 

irradiation began was recorded.   

Polymer surface characterization was performed using a Veeco systems Dektak 8 

and a Dimension 5000 AFM.  Differential scanning calorimetry (DSC) measurements were 

taken on a Netzsch 214 Polyma differential scanning calorimeter.  Samples were started at 

70°C and heated to 170°C at a rate of 20°C/min.  Samples were cooled at 20°C and the 

process was repeated three times (Supporting Information, Figure S3.15).   
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3.3 Results and Discussion 
 

 

Figure 3.1: Spiropyran (SP) converts to polar Merocyanine (MC) form when exposed to 

UV light, and reverts after exposure to visible light.  

 

Figure 3.2: a) Absorption spectra of a 30% w/w SP/ZX film before light exposure showing 

only the SP absorption (red), showing the MC absorption after UV exposure (black), and 

MC reverted back to SP after visible light exposure. b) Absorbance decays at 600 nm of 

the MC isomer in toluene (red circles) and in ZX (black squares).  A long-time scale plot 

of the decays is available in the Supporting Information 

 The structure of the ZX polymer is shown in Figure 3.2a.  We characterized our ZX 

sample using differential scanning calorimetry, finding a relatively high Tg=140.4°C.  The 

absorption spectrum showed no features below 220 nm, consistent with the absence of 
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aromatic impurities.  But using toluene as a common solvent, SP could be dissolved into 

ZX at variable loadings.  The photoisomerization of SP to its MC form in ZX is 

accomplished by exposure to UV light, while MC can then be switched back to SP by 

irradiation with visible light (Figure 3.1).  The switching of isomers can be easily followed 

by the growth and disappearance of the MC absorption, peaked at 580 nm in ZX (Figure 

3.2a).  The stability of the MC form is sensitive to the polarity of its host environment27, 28, 

and in a nonpolar liquid like toluene it has the relatively short lifetime of 34 s, as shown in 

Figure 3.2b.  But when the host is a rigid polymer like ZX, the lifetime of the MC form 

was extended by more than two orders of magnitude to 4500 s.  The very slow rate of 

MC→SP thermal isomerization in nonpolar ZX but is consistent with previous work 

showing the rate of MC isomerization back to SP is on the order of minutes in other solid 

polymers.29, 30  Additional studies would be needed to shed light on the precise mechanism 

of the slow MC→SP reaction in ZX, but it is likely that the rigid polymer matrix provides 

steric hindrance for this back reaction.  The survival of the MC photoisomer for >1 hr 

allowed the MC/ZX film adhesion to be characterized using standard methods.   

 Adhesion is measured by the force/area that must be applied both parallel (shear) 

and perpendicular (pull-off) to the interface to rupture the polymer-glass bond.  

Incorporation of SP into ZX increased its adhesion to the glass even in the absence of light, 

and this adhesion increased slightly with increasing SP loading.  Two glass slides could be 

adhered together with a polymer layer measured to be in the range 50-70 nm by atomic 

force microscopy (Supporting Information, Figure S3.14).  The creation of the highly polar 

MC isomer in the ZX polymer should increase its attraction to the glass surface and thus 
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the adhesive force.  Indeed, we observe that photoisomerization leads to a 4-5× increase in 

adhesive strength for the highest (30% w/w) SP concentrations, comparable to that 

observed previously for SP/polystyrene blends.22  The results for shear and pull-off 

adhesion tests as a function of SP concentration before and after UV irradiation are shown 

in Figures 3.3a and 3.3b.   

 

 

Figure 3.3: a) The increase in pull-off adhesive strength with increasing SP concentration 

before (black) and after (red) UV light exposure.  b) The increase shear adhesive strength 

with increasing SP concentration before (black) and after (red) UV light exposure.  For the 

pull-off adhesion, no significant change in adhesion was observed after 6% SP/ZX, and for 

shear adhesion no change was observed after 30% SP/ZX.   
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Table 3:1 The change in contact angle on 30% w/w SP/ZX samples before and after 

exposure to UV light as well as the angles after back reaction with a 532 nm laser.  The 

bottom of the table shows the shear strength change when exposed to UV light and after 

being back reacted with a 532 nm laser.   

 

 

Figure 3.4 a) The increase in shear adhesion strength when a 30% w/w SP/ZX mixture 

was exposed to UV light, followed by a decrease in adhesive strength when exposed to UV 

for 1 minute followed by a 532 nm laser for 30 minutes. b) Contact angle measurements 

show a decrease in contact angle when ZX/SP samples are reacted with UV light.  The 

contact angle mostly recovers when exposed to 532 nm light.   
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The important difference for the ZX blend is that the adhesion increase could be 

almost completely reversed using visible (532 nm) light.  This reversal is shown in Figure 

3.4a, where the shear adhesion for a 30% SP/ZX film jumps from 3±2 N/cm2 to 20±5 

N/cm2 after UV exposure, and then drops back down to 5±2 N/cm2 after visible light 

exposure.  MC/polystyrene films did not exhibit this large reversal of adhesion after 

switching back to the SP form, which we attributed to the softer PS deforming on the 

nanoscopic scale to create irreversible mechanical adhesion points to the glass surface.22  

The reversible adhesion was accompanied by changes in contact angle for water on the 

SP/ZX film surface.  Contact angle measurements in Figure 3.4b show that SP slightly 

lowers the contact angle of ZX from 91.5° to 84.8°, photoisomerization under UV light 

lowers it to 69.7°.  After visible light exposure, the contact angle rebounds to 82°, 

indicating that the nonpolar interface is almost fully recovered.  These contact angle 

changes are larger than previously measured values for SP in polymer hosts22, 31 and similar 

to those observed for SP-functionalized surfaces32, suggesting that the SP molecules 

embedded in the film are exposed to the surface.  The adhesion and contact angle values 

are summarized in Table 1.  Cycling the ZX/SP film on glass through 3 UV-Vis exposures 

did not change its adhesive properties, but it should be noted that once the film was 

detached from the glass surface, it could not be reattached. 
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Figure 3.5 The normalized MC fluorescence peaks (excited at 532 nm) for a ZX/SP film 

before light exposure (blue), after UV exposure (black dashed), and after the same film is 

exposed to a 532 nm laser for 60 min with an intensity of 300 mW/cm2 (red line).  The MC 

peak of the UV exposed sample is about 50× larger in the raw data.  The blue-shifted MC 

fluorescence is indicative of a polar environment. 

The correlated changes in adhesion and contact angle strongly suggest that the polar MC 

isomer plays a role.  No MC absorbance can be detected before UV irradiation, possibly 

because its concentration was so low that its absorbance was below the 0.01 absorbance 

sensitivity of the instrument.  But by using more sensitive fluorescence detection with 532 

nm laser excitation, we were able to observe some MC fluorescence in the unirradiated 

SP/ZX films, as shown in Figure 3.5.  In the SP/ZX film, this fluorescence spectrum was 

blue-shifted by 40 nm with respect to the neutral MC isomer, whose emission dominated 

after UV exposure.  The blue-shifted fluorescence is characteristic of the zwitterionic form 

of the MC isomer, which forms in more polar environments27, 33, 34 or as a result of 

protonation.35  The glass surface can generate both situations due to the presence of highly 

polar silanol groups which can also act as acids.  The observed fluorescence blue-shift is 



 67 

not as large as that observed for protonated MC35, so we attribute it to MC isomers, formed 

either via thermal or photo-induced SP isomerization at the glass-polymer interface.  

 

Figure 3.6: a) The initial payload release setup with weight attached to glass by a 30% 

SP/ZX film that has been exposed to UV light, leaving a purple tinged square in the middle.  

b) The same setup immediately after turning the laser on. c) The broken sample with 

detached weight after approximately 1 hr of laser exposure.  d) A histogram showing the 

532 nm irradiation times required to drop the weight (black) and a histogram of times 

required for the sample to drop without irradiation (red).  The unirradiated samples that did 

not drop after 8 hours are placed in the 8+ bin. 

Zwitterionic MC, formed either by protonation or by polar environments, is resistant to 

photoisomerization back to the SP form. 27, 36, 37  After the MC/ZX films were converted 

back to SP/ZX films, i.e. after a full cycle of UV/Visible exposure, the blue-shifted MC 

fluorescence signal increased by about 20%, suggesting that light cycling generated excess 

residual zwitterionic MC.  This residual MC signal was less than 1% of the peak MC signal 

at 670 nm after 365 nm irradiation but persisted even in films that were exposed to the 532 

nm laser light for 1 hour or longer.  The excess zwitterionic MC would help explain the 

fact that the original weak adhesion was not fully recovered after visible light irradiation.  

Even though the increase is relatively small (20%) relative to the adhesion increase 

(~100%), they could have a large effect on the adhesion if these highly polar molecules are 

localized near the glass surface.  But we cannot rule out that the ZX also undergoes local 
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morphology changes that enhance the mechanical adhesion, albeit to a much smaller degree 

than PS.   

 

Figure 3.7 a) The detachment of thin films in stirred water as a function of time.  Neat ZX 

films (black) detach quickly, while the 11% w/w SP/ZX films detach much more slowly 

after UV exposure (red).  When the SP/ZX films are exposed to the 532 nm laser with an 

intensity of 30 mW/cm2, the detachment speeds up (blue).  b) The mean detachment rate 

appears to have a linear dependence on the 532 nm laser intensity. 

 The identification of a robust photoswitchable adhesion allows us to explore 

possible applications.  We first tested whether the ability to turn off adhesion using visible 

light persists when the adhering layer is under a constant load.  A 130 g weight was attached 

to a glass slide that had been “glued” to a second glass slide by a 30% MC/ZX film that 

had been exposed to UV light.  In the absence of visible light, the weight typically remained 

stably suspended for more than 8 hours.  But when the sample was exposed to visible light 

at 300 mW/cm2, the surfaces broke apart and the weight dropped after 1-2 hours.  This 

sequence of events is illustrated in Figures 3.6a-c.  The accelerated detachment under 

visible light was a robust result, as shown by the histogram of drop times in Figure 3.6d.  

Note that for all tests, the polymer never showed any signs of melting or softening, and the 



 69 

temperature rise of the sample was limited to <3°C, as measured by an infrared sensing 

thermometer. 

 The effect of visible light was even more pronounced on the delamination rate of 

polymer films in stirred water.  In our previous work, water delamination was measured 

after multiple hours of visible irradiation, followed by placement of the films in water.22, 23  

The large adhesion changes of the ZX films made it practical to monitor the film 

detachment time (detach) in real time during illumination.  We compared the detachment of 

neat ZX films, MC/ZX films after UV exposure, and MC/ZX films after UV exposure that 

were then continuously irradiated with 532 nm light.  As expected, the neat ZX films 

rapidly detached, since the polar-nonpolar interaction is relatively weak.  From the data in 

Figure 3.7a, the average time to detach for a ZX film was 10 min.  The addition of SP had 

little effect on detach, increasing it by about 20%.  But when the SP was converted to the 

MC isomer by UV light exposure for a period of 1 min, the average delamination time 

increased to 1000 min.  When these MC/ZX films were subsequently exposed to 532 nm 

light with an intensity of 30 mW/cm2, the average delamination time decreased to 40 min.  

Increasing the visible light intensity accelerated the delamination, and the average 

delamination time approached that of neat ZX at 300 mW/cm2.  Figure 3.7b shows the 

average detachment rate, defined as 1/<detach>, as a function of 532 nm light intensity.  The 

linear relationship between detachment rate and light intensity is consistent with this rate 

being controlled by the rate of MC→SP photoisomerization. 
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Figure 3.8: a) The MC absorbance (red) decreases faster than ZX/SP dots detach in water 

during exposure to 532 nm laser light at 300mW/cm2. b) The MC absorbance decreases 

faster than the polymer film detachment even with no light exposure. Both film samples 

were 11% w/w SP/ZX.  

 Although the MC→SP reaction rate clearly influences the delamination rate, they 

are not identical.  For example, in Figure 3.7a, there is a significant lag between the start 

of the irradiation (photoisomerization) and the onset of film detachment.  This can be seen 

more clearly in Figure 3.8, which plots both the decrease of the MC absorbance and the 

fraction of detached film spots (fdetach) for 532 nm illumination at the relatively high 

intensity of 300 mW/cm2.  Even though the MC absorbance almost completely vanishes 

by 10 min, only about 60% of the films have detached by this point.  At the other extreme, 

if no visible light is present, the MC absorbance decreases slowly due to thermal 

isomerization back to the SP form, as shown in Figure 3.8b, and the detachment of the 

films lags even farther behind.  We think this feature of the delamination process results 

from diffusion of water along the polymer-glass interface that follows the MC→SP 

photoisomerization.22, 38, 39  This diffusion is usually slower than the photoisomerization 

but is required in order to rupture the weak glass-polymer adhesive bond.  If H2O diffusion 
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across the polymer-glass interface is required for delamination, then the average time 

should scale as the distance squared, i.e. 
2

detach filmd  , where dfilm is the diameter of the 

polymer film. To test this hypothesis, we measured the visible light induced delamination 

for two different sets of MC/ZX polymer films, one with an average diameter of 6.2 mm 

and one with a diameter of 7.8 mm.  The <detach> values for the different diameters were 

12.5 min and 27.5 min, respectively during 532 nm exposure.  The diameter ratio of 7.8/6.2 

then predicts a < detach(7.8 mm)>/< detach (6.2 mm)> ratio of (7.8/6.2)2=1.6, which is 

somewhat less than the experimental value of 2.2±0.2.  But the fact that the film area affects 

the detachment time suggests that water diffusion plays some role.  A full understanding 

of the delamination process will probably require a model that takes into account how the 

MC→SP reaction facilitates water penetration across the interface. 

 Finally, we return to the mechanism of the reversible adhesion.  We attribute the 

high reversibility of the SP/ZX blends to the resistance of ZX to nanoscale deformations 

driven by local heating after photon absorption.  This resistance is determined by its 

relatively high Tg value.  SP photoisomerization can cause a host polymer to undergo 

photomechanical distortions40, 41, and we first assumed that a higher bulk elastic modulus 

of the polymer host would be a good predictor of its resistance to nanoscale deformations 

that influence adhesion.  But polystyrene actually has a higher elastic modulus (2-8 GPa)22, 

42 than Zeonex (1.5-2.5 GPa)43, 44 and should be more resistant to nanomechanical 

deformation at room temperature.  We found that another high elastic modulus polymer, 

polymethylmethacrylate (Tg~110°C)26, also showed poor reversibility when doped with 

SP.  A second requirement is that the polymer host be very nonpolar, so it does not have 
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intrinsically strong adhesion that overwhelms the SP→MC switching effect.  The 

combination of high Tg and nonpolarity is satisfied by ZX, but other polymers with these 

two attributes could also support this effect.  A different approach would be to dispense 

with the polymer host entirely, and the development of SP derivatives that efficiently 

switch in solid form45, 46 provides another potential route to photoswitchable adhesion. 

 

3.4 Conclusion 
 This work demonstrates that combining a high-Tg nonpolar polymer host (ZX) with 

a photochromic molecular dopant (SP) that undergoes a large polarity change can create a 

light switchable polymer-glass adhesive bond.  The adhesion switching relies on 

modulating the noncovalent forces between two solid surfaces, as opposed to changes in 

mechanical adhesion induced by melting or softening.  Both shear and pull-off adhesive 

strengths can be increased or decreased by a factor of 5 by switching between the SP and 

MC isomers, while the delamination time can be accelerated by a factor of 100 when a 

MC/ZX film is exposed to green light.  Interestingly, the adhesion appears to be influenced 

by the presence of zwitterionic MC isomers even in unirradiated films.  One possible route 

to larger adhesion changes would be to utilize a photochromic molecule that can be 

converted to its polar form only by light, as opposed to the thermal isomerization pathway 

that is available for SP.   

Although the strength of adhesion based on noncovalent forces will always be 

weaker than that based on covalent cross-linking or mechanical interlocks, it has the 

advantages of simplicity and reversibility that may lead to applications in areas where ultra-

strong bonding is not required.  The light-controlled release of a suspended payload, 
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demonstrated in Figure 3.6, is one example, but this technology could also be used as a 

solvent-free method to remove protective coatings or to disassemble structures by using 

light to deactivate a polymer “glue”.   

 

3.5 Supporting Information 
 

 

Figure S3.9: The long-time scale reversion of MC to SP in ZX.   

 

 

Figure S3.10 Example shear force curves obtained for a 30% w/w SP/ZX film on the 

Instron 5942, a) after UV exposure, and b) after UV and Visible light exposure.  The 

sudden drop at the largest extension represents the break point where the adhesion 

(Force/Area) is measured. 
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Figure S3.11: Photos of the contact angle measurements of a) neat ZX showing a contact 

angle of 88°; b) 30% w/w SP/ZX post UV irradiation showing a contact angle of 71°.  

 

 

 

 

Figure S3.12: Size dependence of polymer film detachment.  The small diameter (6.2 mm, 

red circles) and large diameter (7.8 mm, black squares) 11% w/w SP/ZX films were 

exposed to identical 532 nm laser intensities after UV conversion to the high adhesion state.  

The larger diameter films detached more slowly.   
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Figure S3.13: The absorbance of a ZX film. 

 

 

 
Figure S3.14: a) The Dektak profilometry of the polymer surface on the glass following 

the break.  b) The AFM measurement of the same sample.  The AFM showed the average 

thickness of this film on this sample was 66.9 nm.   
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Figure S3.15: DSC results showing the glass transition temperature for Zeonex Z480.  

The average Tg measurement was 140.4 °C.  
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Chapter 4 Effect of Halogen Substitution on Energies and 

Dynamics of Reversible Photomechanical Crystals Based on 9-

Anthracenecarboxylic Acid 
 

4.1 Abstract 

9-anthracene carboxylic acid derivatives comprise a family of thermally reversible 

photomechanical molecular crystals.  The photomechanical response relies on a [4+4] 

photodimerization followed by dissociation that occurs on timescales of seconds to 

minutes.  A combined theoretical and experimental investigation is undertaken to better 

understand how chemical modification of the anthracene core influences energetics of both 

the isolated molecule and the crystal lattice.  We use both density functional theory and 

dispersion-corrected Moller-Plesset perturbation theory computational methods to 

establish orbital energies, photodimerization reaction energies, and lattice energies for a 

set of substituted 9-anthracene carboxylic acid molecules.  The calculations reveal that 

steric interactions play a dominant role in the ability to form photodimers and indicate an 

energetic threshold of 80-90 kJ/mole for the dimerization reaction.  Examination of 

intermolecular bonding in a subset of fluorinated 9ACs revealed the absence of H…F 

intermolecular bond formation and energy differences that can explain observed trends in 

the dissociation kinetics and mechanical reset times. Fluorescence recovery after 

photobleaching experiments show that the photodimer dissociation kinetics depend on the 

amount of initial photodimer, preventing a straightforward correlation between halogen 

atom substitution and dissociation rates using the Bell-Evans-Polanyi principle.  The 

results clarify how molecular structure affects intermolecular interactions and 
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photoreactivity in this family of molecular crystals, but the origin of the complex 

photodimer dissociation dynamics remains an open question.  

 

4.2 Introduction 
 

 Crystals composed of photoreactive molecules (photochromes) can transform light 

energy directly into mechanical work.1-3  They do this by organizing the molecules so that 

geometrical changes associated with the geometric photoisomerization, photodimerization, 

or photocyclization add together in specific directions determined by the crystal axes.  

Various classes of both intra- and intermolecular reactions have been harnessed to generate 

this work.  In the latter class, [2+2] 4-12 and [4+4] 13-16 photodimeriztion reactions are 

commonly used.  To realize thermally reversible (T-type) photomechanical crystals based 

on photodimerization, the photodimer must be sufficiently unstable so that its dissociation 

proceeds rapidly at room temperature.  In this context, we have synthesized and studied a 

class of substituted 9-anthracenecarboxylic acid (9AC) derivatives that crystallize in a 

head-to-head (hh) geometry due to intermolecular hydrogen bonding between neighboring 

stacks.17  The hh geometry gives rise to steric interactions between the COOH groups on 

cofacial molecules that destabilize the C-C bridge bonds of the photodimer and cause it to 

spontaneously dissociate back into the monomer pair.18-21  This ability of the crystal to reset 

itself after photodimerization makes it a T-type photomechanical material that could have 

practical applications.  

 The 9AC core provides the basis for an entire class of photomechanical molecular 

crystals because chemical substituents can be added to the anthracene ring in order to tune 

the material properties.  The effects of halogen atom and methyl group substitution on the 
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photodimerization and recovery kinetics have been investigated in two previous papers.22, 

23  One surprising result was that F-atom substitution at different carbons around the 

anthracene ring led to photodimer dissociation rates that varied by more than an order of 

magnitude, despite virtually identical crystal packing geometries. To explain this 

observation, we hypothesized that intermolecular H…F interactions might affect the 

relative stabilities of the monomer and photodimer in the different molecular crystals.23  If 

the rate of photodimer dissociation can be controlled by the F substitution pattern, this 

would provide a strategy to design molecular crystals with desired properties, like fast 

mechanical recovery times.   

 In this chapter, we undertake a combined theoretical and experimental investigation 

to better understand how chemical modification of the 9AC core influences energetics of 

both the isolated molecule and the crystal lattice.  The goal is to determine the relative 

importance of local (pairwise) versus nonlocal (crystal) interactions in determining the 

photochemical reactivity of monomer pairs and the stability of photodimers.  We examine 

a large set of substituted 9AC molecules (Figure 4.1) using both density functional theory 

(DFT) and dispersion-corrected Moller-Plesset perturbation theory (MP2D)24 

computational methods to establish orbital energies, photodimerization reaction energies, 

and lattice energies.  The Bell-Evans-Polanyi (BEP) principle provides a way to correlate 

the energy difference between a monomer pair and photodimer with the activation energy 

and thus the thermal dissociation rate.25-28  These calculations reveal that steric interactions 

play a dominant role in the ability to form photodimers and suggest there exists an energetic 

threshold for the formation of the photodimer, but they fail to show any relation between 
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enthalpy differences and observed photodimer dissociation rates.  Additional kinetic 

experiments show that the photodimer dissociation, as measured by the recovery of the 

monomer fluorescence, is highly nonlinear and depends on the amount of initial 

photodimer created by the ultraviolet (UV) pulse.  The complex reaction kinetics in the 

crystals prevent a straightforward correlation between halogen atom substitution and 

dissociation rates.  This work clarifies how molecular structure affects intermolecular 

interactions and photoreactivity in the crystal, but the origin of the complex reaction 

dynamics in this class of hydrogen-bonded crystals remains unclear.  

 

 
Figure 4.1: 9-anthracene carboxylic acid derivatives studies in this paper, along with 

abbreviations use in the text. 
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4.3 Experimental Methods 
 

The syntheses of the 10F-9AC, 10Methyl-9AC, 10Cl-9AC, 10Br-9AC, and 10Ph-

9AC were previously reported.22  The syntheses of 2F-9AC, 4F-9AC, and 2,6diF-9AC 

were described previously.23  Detailed synthetic procedures for 4,5diF-9AC, 2Cl-9AC, 

4Cl-9AC, and 4,5diCl-9AC is described in the Supporting Information.  Crystal structures 

for all molecules except 4Cl-9AC and 2Cl-9AC are also given in the Supporting 

Information.   

 The measurement of the fluorescence recovery process was performed using an 

Olympus IX70-inverted microscope.  Crystals of the compounds were placed on glass 

microscope slides.  Large rectangular crystals were used for measurements because of their 

resistance to bending and deformation, preventing misalignment of the pump and probe 

beams.  The alignment of each crystal was confirmed after UV exposure to ensure accurate 

fluorescence recovery data.  Utilizing a pump-probe setup a 405 nm laser was used to 

irradiate samples for a predetermined time then probed using a less intense 405 nm beam.  

A Melles Griot Electronic Shutter Controller (04 ISC 850) and a custom LabView program 

were used to control the pump exposure.  The probe spot radius of 17 µm was three times 

smaller than the 55 µm pump beam.  The beam was modulated by a chopper at a frequency 

of 100 Hz.  The resulting signal was obtained using a lock-in amplifier with a 

photomultiplier tube.  To reduce probe beam exposure, intermittent blocking was 

performed manually during the data collection.   

The interpretation of the fluorescence recovery experiments relies on the assumption 

that the fluorescence is linearly proportional to the monomer population.  Previous 
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experiments showed that the fluorescence of the monomer crystal originates from an 

excimer and is redshifted about 100 nm below the absorption edge29, allowing us to assume 

that reabsorption of the fluorescence by monomer or photodimers is negligible and these 

optical nonlinearities can be neglected.  In the same work, it was found that the loss of 

fluorescence was linearly proportional to the UV photon dose, again consistent with a 

linear relation between the loss of monomer and loss of fluorescence.  Thus the available 

data suggests that the fluorescence signal is a good surrogate for the monomer pair 

population.   

 

4.4 Computational Methods 
 

The geometries of gas-phase monomers, dimers, and tetramers of the F-9AC species and 

their photodimerized analogs were optimized using the BLYP30, 31 generalized gradient 

approximation (GGA) density functional with the D3(BJ) dispersion correction32, 33 and 

the def2-TZVP basis set.34  Frontier orbital energies and quasi-particle gaps were then 

computed for gas-phase F-9AC monomers using single-point energies computed with the 

range-separated hybrid ωB97X-D density functional35 in the aug-cc-pVTZ basis set.36 The 

highest-occupied molecular orbital (HOMO) energy was equated to the negative of the 

ionization potential, while the lowest-unoccupied molecular orbital (LUMO) energy was 

the set to be the negative of the electron affinity.  The ionization potentials and electron 

affinities were computed via the ΔSCF approach37, taking the energy difference between 

the neutral species and its corresponding cation or anion.  Optical gaps corresponding to 

vertical excitations were computed via time-dependent density functional theory (TDDFT) 
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using the same ωB97X-D/aug-cc-pVTZ model in implicit cyclohexane polarizable 

continuum solvent.38   

 The energetics of anthracene photodimerization are notoriously difficult to model, 

and the results from many common density functionals are both quantitatively and 

qualitatively incorrect.24, 39  Therefore, the F-9AC species and their gas-phase 

photodimerization reactions in dimer and tetramer clusters were computed with dispersion-

corrected second-order Møller-Plesset perturbation theory (MP2D)24, which has been 

shown to model anthracene photodimerization energetics to within a few kcal/mol of 

coupled cluster theory benchmarks.  The MP2D calculations were extrapolated to the 

complete basis set (CBS) limit by combining Hartree-Fock/aug-cc-pVQZ results with 

correlation energies extrapolated from the aug-cc-pVTZ and aug-cc-pVQZ basis sets.40  

These large basis sets were chosen to help converge the energetics and to reduce basis set 

superposition error.  Because the counterpoise correction41 is ill-defined for intramolecular 

interactions, it was not employed here to avoid inconsistencies between the description of 

the intermolecular π-stacking interactions in the reactants versus the intramolecular 

interactions in the photodimer product.  The TDDFT calculations were performed using 

Gaussian 16 RevC.01.42  All other gas-phase calculations were performed using PSI443, 

employing density fitting algorithms and the default auxiliary basis sets throughout.  The 

MP2D dispersion correction is available in the current developmental version of PSI4 or 

can be downloaded as a stand-alone library for use with any MP2 implementation. 

 Solid-state calculations on F-9AC crystals were performed using the B86bPBE 

generalized gradient approximation functional44, 45 and the exchange-hole dipole moment 
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(XDM) dispersion correction46 using QuantumEspresso 6.4.147, 48, a 50 Ry planewave 

cutoff, and Monkhorst-Pack grids with a k-point density of ~0.04 A-1. Core electrons were 

treated via the projector augmented wave (PAW) approach using PAW potentials for H, C, 

and F generated with A. Dal Corso's Atomic code v6.1.  Experimental crystal structures 

were relaxed with lattice parameters held fixed at their experimental values.  For higher 

accuracy and consistency with the gas-phase calculations, the single-point crystal lattice 

energies of the optimized structures were then refined by extracting the key reactive 

tetramer (two π-stacked pairs of hydrogen bonded dimers), then replacing the DFT energy 

of that gas-phase tetramer with the corresponding MP2D energy.  This approximation is 

essentially the same as the monomer-correction approach49 that has proved extremely 

useful in a number of other organic crystals,49-51 including the related 9-tertbutyl anthracene 

ester.52  The approximation amounts to describing the most important local interactions—

those within the key reactive tetramer—with MP2D, while the longer-range contributions 

arising from the interaction of that tetramer with the surrounding crystal lattice are modeled 

with periodic DFT.  For further insight, the lattice energies were decomposed into 

contributions arising from within the central tetramer, between the tetramer and the rest of 

the crystal, and the energy required to distort the monomer from its optimal gas-phase 

geometry to the crystalline conformation.  The interactions in the tetramer were further 

decomposed into all possible pairwise interactions (consisting of hydrogen bonded pairs, 

π-stacked pairs, and “diagonal” pairs) plus the residual non-pairwise-additive “many-

body” contribution. 

 



 90 

4.5 Results and Discussion  
 

4.5.1 Effect of Halogen Substitution on Molecular Electronic Properties 

 

 

Figure 4.2: a) Optical gaps calculated for various 9AC derivatives shown in Figure 4.1.  

b)  Effect of halogen substitution pattern on the HOMO/LUMO levels of 9AC. 
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 We first wanted to understand how chemical substitution affects the photophysical 

properties of individual molecules.  In the simplest limit, electron withdrawing groups are 

expected to lower the HOMO and LUMO energies.  From a practical standpoint, this 

should make the molecule more difficult to oxidize and increase its stability, since reaction 

with ambient O2 molecules at the C10 and C9 carbons is a major side reaction for 

photoexcited anthracene molecules leading to 9,10-endoperoxyanthracene derivative that 

can rearrange to give anthraquinones.53, 54  Figure 4.2 shows the calculated gas-phase 

HOMO/LUMO energy level shifts for the various 9AC derivatives in Figure 4.2.  As 

expected, the addition of electron-withdrawing atoms like Cl and F systematically lowers 

both orbital energies.  Surprisingly, Cl substitution seems to have a slightly larger effect, 

even though it is less electronegative than F.  But although the individual orbitals shift by 

as much as 0.5 eV upon halogen substitution, the HOMO/LUMO shifts tend to offset each 

other, with the net result that the HOMO/LUMO gap does not change by more than 0.2 eV. 

 The stability of the HOMO-LUMO gap with respect to chemical substitution is 

mirrored by the calculated optical gap.  Figure 4.3a shows representative absorption spectra 

for 9AC and some fluorinated derivatives.  All derivatives retain the characteristic 

anthracene vibronic lineshape, suggesting that the S0-S1 transition has a similar electronic 

character in all of them.  In Figure 4.3b we plot the experimental S0-S1 transition energies 

in cyclohexane, as well calculated S0-S1 optical energies in implicit cyclohexane solvent 

for 9AC, 10F-9AC, 2F-9AC, 4F-9AC, 2,6diF-9AC and 4,5diF-9AC.  Fluorine 

substitution causes the measured absorption peak to shift by up to 0.1 eV, while the 

calculated S0-S1 gaps show more scatter but the same magnitude of variation.  The 
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calculated S0-S1 energies are consistently about 0.1 eV greater than the experimental 

energies, which is within the typical accuracy for TDDFT calculations.55, 56  The 

experimental and calculated S0-S1 energies and absorption lineshapes are consistent with 

previous work showing that halogen atom substitution on the anthracene ring can shift the 

absolute HOMO/LUMO positions but has little effect on the molecule’s optical 

properties.57, 58 

 

Figure 4.3 a) Normalized absorption spectra of 10F-9AC (brown), 4F-9AC (purple), 

2,6diF-9AC, 2F-9AC (blue), 4,5diF-9AC (red), and 9AC (black) in cyclohexane b) 

Comparison of calculated (red) and measured (black) optical gaps for fluorinated 9AC 

compounds.  

4.5.2 Effect of Halogen Substitution on Dimer Energetics 

 

 In solution, anthracene carboxylic acids photodimerization typically favors the 

head-to-tail (ht) conformation.59, 60  In the crystal form, hydrogen bonds between COOH 

groups on opposing molecules lock the molecules in the hh conformation along the one-

dimensional stacks.  Gas-phase MP2D calculations comparing the hh and ht arrangements 

of the photodimer (Table 1) show that the hh photodimer geometry is generally ~32-35 

kJ/mol less stable than the ht one due to the steric clash introduced by having the two 
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COOH groups on the same side in the hh geometry.  In contrast, the energy differences 

between the hh and ht geometries of the unreacted gas-phase dimers are only ~3-7 kJ/mol.  

Taken together, this means that the reaction energies Erxn = E(photodimer) – E(unreacted) 

for the hh dimerization are considerably more endothermic than the ht ones (Table 1).  This 

explains why the photodimerization is so easily reversible in the 9AC crystals at room 

temperature, since only the highly endothermic hh dimerization can occur in the crystalline 

state.  Most of the fluorine substitutions considered impact the energy difference between 

the ht and hh photodimers minimally (i.e. by 2—3 kJ/mol), except for 10F-9AC where the 

hh photodimer is actually 14 kJ/mol more stable than the ht photodimer.  In this case, the 

unfavorable electrostatic repulsion between the COOH and/or F groups on the adjacent 

anthracene units mean that neither the ht nor hh arrangement is particularly favored.  

Moreover, both hh and ht configurations of 10F-9AC exhibit more endothermic gas-phase 

photodimerization energies Erxn than any of the other derivatives (Table 4.1), according 

to these calculations. 

 Next, we consider the gas-phase MP2D hh photodimerization energies Erxn(hh) 

across a broader set of 9AC derivatives in Table 2, including both ones that have been 

tested experimentally and other hypothetical mono-halogenated 9AC derivatives.  The 

crystal photoreactivity was determined by direct observation of the loss of monomer 

fluorescence and mechanical changes under 405 nm irradiation.  Figure 4.4 plots Erxn for 

several 9AC derivatives and indicates whether they exhibit experimental reactivity in the 

crystal form.  The photodimerization of these 9AC derivatives is consistently endothermic, 

and there seems to be a Erxn threshold at around 90 kJ/mol, above which dimer formation 
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is prevented.  These higher-energy photodimerization reactions have larger substituents 

located at the 10-position that cannot avoid interacting with each other.  Among the 

hypothetical cases, dimerization appears energetically feasible for any fluorine, chlorine, 

or bromine mono-halogenation at the 2, 3, or 4 positions, with dimerization reaction 

energies 62--73 kJ/mol.  Mono-fluorination at the 1 position also exhibits a dimerization 

energy comparable to that of 10F-9AC, while reactions involving larger Cl and Br 

substituents in the 1 position are unlikely, since they have Erxn of 100 kJ/mol or more.  

Similar to the 10X-9AC derivatives, these highly endothermic reaction energies stem from 

steric clashes between the COOH and the halogen groups.  It should be noted that Erxn is 

the difference between ground state isomers and thus in principle provides no information 

about the excited state potential energy surface that determines the photodimerization 

yield.  However, we suspect that it indicates the degree of steric interference within the 

dimer, which is an important factor in determining whether photodimerization proceed on 

the excited state.  This correlation with sterics probably explains why it correlates with 

photoreactivity as well. 
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Figure 4.4: Predicted gas-phase Erxn dimerization energies for various 9AC derivatives, 

calculated for monomer pairs.  The red line represents the approximate energy threshold 

above which photodimerization is not observed in the crystal form.  
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Species Monomer Pair    

(E
hh

 – E
ht

) (kJ/mol) 
Photodimer 
 (E

hh
 – E

ht
) 

(kJ/mol) 

ΔE
rxn

(hh) 

(kJ/mol) 

ΔE
rxn

(ht) 

(kJ/mol) 

9AC 4.0 34.3 63.1 32.8 

2F-9AC 7.3 34.8 67.0 39.4 

4F-9AC -5.0 35.1 62.3 22.2 

10F-9AC -4.7 -13.5 74.0 82.8 

2,6diF-9AC 6.8 32.3 68.1 42.6 

4,5diF-9AC -3.3 32.1 60.4 25.0 

Table 4:1 Gas-phase MP2D dimer energy differences comparing 9AC derivatives with 

head-to-head (hh) and head-to-tail (ht) geometries. 1st column: hh versus ht energy 

difference for unreacted monomer pair; 2nd column:  hh versus ht energy difference for 

dimerized pair; 3rd column:  dimerization reaction energy for hh pair; 4th column:  

dimerization reaction energy for ht pair.   

Molecule X=F X=Cl X=Br X=Me X=Ph 

9AC 63.1
a
 — — — — 

1X-9AC 76.5
c
 100.0

c
 106.2

c
 — — 

2X-9AC 67.0
a
 69.3

a
 72.8

c
 — — 

3X-9AC 66.5
c
 67.9

c
 71.7

c
 — — 

4X-9AC 62.3
a
 66.2

c
 67.1

c
 — — 

10X-9AC 74.0
a
 119.9

b
 101.7

b
 94.9

b
 204.7

b
 

2,6diF-9AC 68.1
a
 — — — — 

4,5diF-9AC 60.4
a
 67.8

a
 — — — 

 

Table 4:2 Gas-phase MP2D predicted dimerization energies (Erxn(hh)) for various 9AC 

compounds in the hh configuration, in kJ/mol.  a) reactive; b) non-reactive; c) not tested.   
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4.5.3 Effect of Halogen Substitution on Tetramer and Crystal Energetics 

 In order to test our hypothesis that intermolecular bonding plays an important role 

in the reaction kinetics, we had to examine larger systems.  The metastable nature the 9AC 

photodimer has prevented experimental characterization of its neat crystal structure, 

although solvates have been investigated.61  Without knowledge of the photodimer crystal 

structures, the computational modeling instead focused on a gas-phase tetramer cluster 

model in which two pairs of hydrogen bonded monomers could be photodimerized, as 

illustrated in Figure 4.5.  These more expensive calculations were performed on a subset 

of the experimentally investigated molecules in Section B.  These clusters were extracted 

from the unreacted monomer crystal, and then either one or both of the monomer pairs in 

the tetramer were converted to photodimers and the tetramer structure was relaxed.  The 

photodimerization reaction energy in the tetramer is moderately less favorable than in the 

dimer.  As shown in Table 3, the first dimerization within the tetramer is ~11 kJ/mol more 

endothermic on average, while the second one is ~19 kJ/mol more endothermic.  These 

higher reaction energies reflect the geometric constraints associated with preserving the 

COOH hydrogen bonds between the stacks.  Nevertheless, the qualitative trends in the 

reaction energies for the different F substitution patterns in the tetramer remain similar to 

those in the isolated dimer.  4F-9AC again exhibits the lowest Erxn, while 10F-9AC has 

largest Erxn and thus would be predicted to be the least stable photodimer.   
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Species Dimer ΔE
rxn

(hh) 

(kJ/mol) 
Tetramer ΔE

rxn
(hh) 

(kJ/mol) 
ΔE

rxn,2
(hh) 

(kJ/mol) 
ΔE

rxn,avg
(hh) 

(kJ/mol) 

9AC 63.1 73.2 81.7 77.5 
2F-9AC 67.0 79.6 83.8 81.7 
4F-9AC 62.3 72.1 80.6 76.4 
10F-9AC 74.0 84.3 93.4 88.9 

2,6diF-9AC 68.1 79.3 88.2 83.8 
 

Table 4:3 Comparison of dimerization reaction energies of fluorinated 9AC compounds 

in dimer, tetramer with one pair reacted, and tetramer with both pairs reacted (Erxn,2).  The 

4th column is an average of the two tetramer reaction energies.   

 

 

Figure 4.5 Top and side view of the 9AC tetramer before and after double 

photodimerization. The photodimer structure was optimized in the gas phase.   
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 The similarities of the dimer and tetramer cluster results motivated us to examine 

the energetics of the monomer crystal lattice in more detail.  The goal was to look for any 

variations in the intermolecular forces that arise from fluorine substitution.  The crystal 

lattice energies are analyzed by decomposing them into contributions arising from (i) 

distortion of the monomer from its gas-phase to crystalline conformation, (ii) the 

interaction energy within the key tetramer unit, and (iii) the interaction of that tetramer 

with the rest of the crystal lattice.  As shown in Figure 4.6a, the intermolecular interactions 

within the tetramer represent the strongest contribution to the lattice energy, but the 

interactions between the tetramer and the lattice energy are almost as large. 

 

Figure 4.6 a) Effect of fluorine substitution on various lattice energy terms for six different 

9AC derivatives.  b)  Effect of fluorine substation on tetramer energy terms for the same 

9AC derivatives.  In all cases, the changes induced by different locations of the F-atom 

amount to only a few kJ/mol.   

One might anticipate the fluorine substitution could create additional hydrogen 

bonding between tetramer units that would increase the lattice energy.  However, the data 

provides little evidence for the role of intermolecular H…F bonding.  With typical H...F 

distances of 2.3-2.5 Angstroms, the intermolecular H…F bonds are relatively weak.  If 



 100 

such H…F bonds were important, they would impact the interaction energy between the 

tetramer and the rest of the lattice, but these interactions vary by only a few kJ/mol across 

most of the derivatives (Figure 4.6a).  The only notable exception occurs for 2,6-diF-9AC, 

for which F…F repulsion actually weakens these interactions by about ~10 kJ/mol relative 

to the other derivatives.  Fluorine substitution has only minor impacts on the other energy 

contributions as well.  For example, the interactions within the tetramer vary by only ~2 

kJ/mol across the derivatives, and the differences among the monomer distortion energies 

are similarly small (with 2,6-diF-9AC again being a moderate exception).  In the end, the 

total lattice energies for all derivatives lie in the 141-146 kJ/mol range, except for 2,6-diF-

9AC at 131 kJ/mol (due to the aforementioned F…F repulsion and larger distortion energy 

penalties). 

It seemed surprising the F substitution had such small impacts on the tetramer energies, 

since it is known that halogenation can impact pi-stacking interactions appreciably.62  

Figure 4.6b further decomposes the intermolecular interactions within the key tetramer into 

the sum of the two pairwise hydrogen bond interactions, the sum of the two π-stacking 

energies, the two pairs of “diagonal” interactions, and the residual many-body contribution 

arising from the beyond-pairwise interactions within the tetramer.  As expected, we do 

observe that fluorination systematically increases the strength of the π-stacking interactions 

by up to 5 kJ/mol, and the di-fluorinated species stacks are stabilized more than the mono-

fluorinated ones. However, the other interactions vary less systematically with fluorine 

substitution, and the net effect is that the improved π -stacking energetics are largely 

cancelled out in the tetramer as a whole.  This conclusion is consistent with the fact that 
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most of the derivatives exhibit almost identical crystal packing (except for 10F-9AC). 

Overall, these results highlight how the details of crystal packing stability on the whole can 

defy simple intuitive logic derived from knowledge of individual pairwise intermolecular 

interactions.  

 Given the weak effect of F-substitution on the crystal energetics, it is perhaps not 

surprising that we find no strong correlation between the energetics and the dimer 

dissociation rate.  According to the BEP principle, Erxn should also correlate with the 

dissociation rate through its activation energy.  In Figure 4.7a, we plot the dissociation half 

lives (1/2  from reference 23)versus the dimer Erxn for molecules 9AC, 10F-9AC, 2F-

9AC, 4F-9AC, and 2,6diF-9AC.  Unlike Figure 4.4, there is no obvious correlation.  The 

inclusion of dimer-dimer interactions by using a tetramer cluster does not change this 

situation, as shown in Figure 4.7b.  In both cases, the largest predicted hh 

photodimerization energy Erxn in Table 1 is found for 10F-9AC, while the smallest one 

occurs for 4F-9AC.  If the dimer→monomer pair reactions of the different derivatives have 

similar transition state structures, the BEP principle would predict the 10F-9AC dimer to 

have the fastest dissociation rate and 4F-9AC to have the slowest rate.  This is precisely 

the opposite of what is observed experimentally.   
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Figure 4.7 Fluorescence recovery times (1/2) taken from reference 23 plotted versus the 

calculated a) dimer and b) tetramer photodimerization energies.   

 

4.5.4 Nonlinear Photodimer Dissociation Kinetics 

 

 The absence of a correlation between Erxn and the photodimer lifetimes in Figure 

4.7 suggests that the BEP principle cannot be naively applied to this class of reactions.  One 

assumption of the BEP model is that the Arrhenius prefactors and transition state structures 

are similar within the family of compounds under study.  While this assumption seems 

reasonable for the 9ACs, it may be that the transition state is much more sensitive to the 

surrounding crystal environment than the minimum energy monomer and dimer 

configurations.  A second possibility is that the accurate calculation of the photodimer 

energies requires taking the full crystal lattice into account, rather than isolated clusters.  

However, there is no hint from the monomer calculations that the inclusion of such terms 

would shift the relative energies by more than a few kJ/mol.  Rather than focusing on 

energetics, a third explanation centers on the possibility that the bulk photodimer 
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dissociation kinetics are more complicated than the simple two-state model that underlies 

the BEP principle.   

 In the ideal case, the photodimerization can be described by a simple two-state 

model subject to well-defined forward and backward first-order rate constants that are 

independent of concentration.  This assumption is usually valid in dilute solution, where 

the molecules react independently in a homogeneous environment.  But in a crystal, where 

the reacting molecules are in intimate contact, the surrounding can change as the fraction 

of dimers evolves, leading to a time-dependent rate that changes as the reaction 

progresses.63-65  In this limit, a single rate cannot describe the process and it is no longer 

possible to make a straightforward connection between equilibrium energies and dynamics.  

One hallmark of such nonlinear kinetics is their dependence on initial concentrations.  

Recent studies on the kinetics of the dimer dissociation in 4F-9AC crystals showed strong 

deviations from first-order exponential behavior, where a larger initial photodimer 

concentration slowed down the dissociation reaction and the recovery of the monomer 

fluorescence signal.29  The recovery was also sensitive to the presence of a 100× weaker 

probe beam that could stall the monomer recovery.  We interpreted these concentration-

dependent decays as evidence of cooperative dynamics, perhaps related to nucleation.   

To determine whether the linear kinetic model is valid for the other 9AC derivatives, 

we measured the kinetics of monomer recovery using a fluorescence recovery after 

photobleaching (FRAP) experiment.  We were careful to only use an intermittent probe 

technique, so the fluorescence detection did not perturb the recovery and found 

concentration-dependent kinetics in all of them to varying degrees.  Figure 4.8 compares 
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the high and low bleach (initial photodimer concentration) recovery curves for molecules 

9AC, 10F-9AC, 2F-9AC, 4F-9AC, and 2,6diF-9AC.  All exhibit slower decays for large 

bleach depths (high initial photodimer conversion), with the effect being most pronounced 

for 9AC and least pronounced for 2,6diF-9AC and 10F-9AC.  Note that 9AC can be grown 

in two different polymorphs, monoclinic and triclinic.22  This different symmetry arises 

from the slightly different arrangement of the one-dimensional stacks along the b-axis, as 

detailed in the Supporting Information.  The same nonlinear behavior was seen in both 

polymorphs (Supporting Information), providing additional experimental evidence that 

subtle changes in stack orientation do not strongly affect the dissociation kinetics.   
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Figure 4.8 Fluorescence recovery after photobleaching curves for a) 4F-9AC, b) 10F-

9AC, c) 2,6diF-9AC, d) 2F-9AC, and e) 9AC after small (~5% colored symbols) and large 

(~50% black symbols) photodimer conversions.  The data in a) is taken from reference 29.  
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 As in our previous paper23, we can  to parameterize the data in Figure 4.8 by 

extracting 1/2, the time required for the fluorescence recovery to achieve 50% of its pre-

bleach value.  These values are summarized in Table 4.  For low bleach depths (low initial 

photodimer concentrations), the 1/2 recovery times are similar for all molecules except 

10F-9AC, as shown in Figure 4.9a.  For deeper bleaches, Figure 4.9b shows how the 1/2 

times diverge by a factor of 10.  From Figure 4.9a, it appears that any discrepancy between 

the 1/2 values for different compounds is magnified when large (>20%) photodimer 

conversions are measured.  The similarity of the low conversion recovery rates among the 

different compounds suggests that local energetic considerations, predicted by theory to be 

similar, are controlling the dissociation of dilute dimers.  At higher concentrations, 

however, it is possible that many-body effects become important, and these cannot be 

identified by the dimer and tetramer level of theory employed here.  We note that 10F-

9AC continues to be an outlier, even for low conversions.   

 
 

Shallow Bleach 

Recovery (
1/2

) (s) 
Deep Bleach    

Recovery (
1/2

) (s) 

9AC 7.2 174.5 

2F-9AC 15.3 54.4 

4F-9AC 6.5 31.5 

10F-9AC 270.1 333.2 

2,6diF-9AC 6.8 21.5 
 

Table 4:4: The half times from shallow (~10%) and deep (~50%) fluorescence bleaches 

(fraction of crystal converted to the nonfluorescent photodimer) for selected 9AC 

compounds.   
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Figure 4.9: Fluorescence recovery times (1/2) for 9AC, 10F-9AC, 2F-9AC, 4F-9AC, and 

2,6diF-9AC compounds after a) small (~5%) photodimer conversion and b) large (~50%) 

photodimer conversion.   

 

 In an earlier paper, we did not realize that the bleach depth and the presence of the 

probe beam could have a significant effect on the recovery dynamics.23  Although the 

qualitative conclusions from that work are still valid, the quantitative comparison of 

recovery times is considerably more complex than we appreciated at that time.  The origin 

of the variable dissociation behavior among the 9AC derivatives remains a mystery.  The 

kinetic behavior of a photodimer surrounded by monomer pairs must be quite different 

from that of one surrounded by other photodimers.  It is possible that the strong 

intermolecular hydrogen-bond interactions in the 9AC family make these compounds more 
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susceptible to such cooperative phenomena.  It is also possible that this kinetic 

phenomenon is affected by presence of crystal defects, which could vary between 

derivatives.  One clue to the origin of the nonlinear kinetics is that 2,6-diF-9AC appears to 

be the least susceptible to the cooperative effects, with the recovery times at both high and 

low bleach depths being quite similar.  This relative insensitivity is consistent with its 

weaker intermolecular interactions as predicted by calculations shown in Figure 4.6a.  

Weaker interactions can allow the dissociation kinetics to be more effectively decoupled 

from neighboring sites and lead to more standard first-order kinetics.  Even though a direct 

connection to the rate is not possible because there is no single, well-defined Arrhenius 

rate, this observation provides a starting point for future investigations. 

 

4.6 Conclusion 
 

 To summarize, extensive calculations of the crystal energetics and kinetic 

measurements for a series of 9AC derivatives have provided insight into the reaction 

dynamics of this class of T-type photomechanical crystals.  The important role of steric 

interactions and hh packing in determining the ability to create a metastable photodimer in 

the crystal was confirmed and clarified.  Careful examination of intermolecular bonding in 

a subset of fluorinated 9ACs revealed an absence of H…F intermolecular bond formation 

and a lack of clear energy differences that could explain observed trends in the dissociation 

kinetics and mechanical reset times. Instead, it appears that differences between molecules 

reflect variations in cooperative phenomena that give rise to highly nonlinear 

(concentration dependent) kinetics.  It is possible that such kinetics are especially 
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pronounced in the 9AC series due to the presence of strong intermolecular COOH bonds.  

With a more detailed understanding, it may be possible to design molecular structures that 

optimize intermolecular interactions to amplify or suppress such collective phenomena and 

create light-responsive crystals with novel properties.   
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4.7 Supporting Information 
 

 

Figure S4.10: Fluorescence recovery data on long timescales for compounds: a) 9AC, b) 

2F-9AC, c) 10F-9AC, and d) 2,6-diF-9AC.  Red points are for ~50% photoconversion, 

while black points are for ~10% photoconversion, all with intermittent probe.  Continuous 

lines show data for continuous probe exposure, which tends to slow down the recovery for 

large photoconversions.   
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Figure S4.11: The fluorescence recoveries of monoclinic and triclinic 9AC polymorphs 

are effectively identical for both a) 30% photodimerization and b) 60% photodimerization.  

Note the different time axes. 

 

4.7.1 S3: Synthesis of 4,5diF-9AC, 2Cl-9AC, 4Cl-9AC, 4,5diCl-9AC 

Materials: 9-Anthracene carboxylic acid (9AC, 99%), 1-Chloroanthracene (95%), Cesium 

Fluoride (99%, anhydrous), Zinc (99.9%, powder), Lithium (99%, ribbon), and 1-

Bromobutane (99%), and n-Butyllithium (2.5 M hexanes) were purchased from Merck 

Sigma-Aldrich and used without further purification.  1,8-Dichloroanthraquinone (95% 

GC) was purchased from TCI-America and used without further purification. 2-

Chloroanthracene was purchased from Santa Cruz Biotechnology and used without further 

purification. Dry diethyl ether (Et2O) was prepared by distillation over LiAlH4 and stored 

over activated molecular sieves (4 Å). All other organic solvents were distilled over CaH2 

and stored over activated molecular sieves (4 Å). Glassware were kept dry in an oven at 60 

°C prior to use. Equipment: Melting points were determined using a Stuart Melting Point 

SMP30 with sealed capillary tubes 
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Synthesis of 4,5-Difluoroanthracene-9-carboxylic acid (4,5diF-9AC): Synthetic Figure 

4.12 was followed  

 
Figure S4.12: The synthesis of 4,5diF-9AC  

 

Synthesis of 1,8-Difluoro-anthraquinone: The use of dry CsF is crucial for the chemical 

yield and purity of 1,8-Difluoro-anthraquinone. CsF (4 g, 26 mmole) was placed in a 

Schlenk tube (25 ml) and heated to 200 oC for two hours under vacuum (5 mbar). The 

anhydrous CsF was cooled to room temperature under a blanket of Argon gas.  1,8-

Dichloroanthraquinone (1.1 g, 4 mmoles) was mixed thoroughly with the anhydrous CsF 

using a mortar and pestle while gently purging the mixture under a stream of  Argon gas. 

The dry mixture was transferred into a small 50 ml tall form beaker, sealed with aluminum 

foil and placed over a hot plate set at 280 oC for 15 hours. 1,8-Difluoro-anthraquinone 

sublimes and deposits in the form of yellow needle crystals on the walls of the beaker. 

O

O

Cl Cl
O

O

F F

R: CsF; dry mixed;

(77%)

F F

(52%)

F F

Br

R: Br2; S: CCl4;
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Obtained yellow crystalline needles (0.6g, 62% yield) with a mp of 227-229 °C (literature 

mp: 228 °C) 66. 1H NMR (400 MHz, DMSO-d6)  (ppm): 8.03 (2H, dd, J = 7.8 Hz, 0.9Hz), 

7.79 (2H, ddd, JH-F = 4.6 Hz, J = 7.8 Hz, 8.2 Hz), 7.54 (2H, ddd, JH-F = 11 Hz, 8.2 Hz, 0.9 

Hz).  

 
Figure S4.13: 1H NMR of 1,8-Difluoroanthraquinone in 10% DMSO-d6 in CCl4 

Synthesis of 1,8-Difluoroanthracene: Into a 100 mL round-bottom flask was suspended 

1,8-Difluoro-anthraquinone (0.4 g, 1.6 mmoles) in 27% NH4OH solution (10 mL), water 

(10 mL). Zinc powder (1.1 g, 17 mmoles), prewashed with dilute hydrochloric acid and 

dried, was added to the mixture along with catalytic amount of CuSO4 (0.05 g) and stirred 

vigorously at 80 °C. The flask was fitted with an air-cooled Snyder column that allows 

excess ammonia gas to escape while stopping air from flowing back inside the flask. The 

reaction changes from deep red to a gray after 24 to 36 h or when all the 1,8-Difluoro-

anthraquinone is reduced to the corresponding 1,8-Difluoroanthracene. The progress of the 
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reaction was monitored by TLC using Ethyl acetate: Hexanes (1:4) as mobile phase. The 

reaction mixture was cooled to room temperature and concentrated HCl solution was 

slowly added till all the excess Zn and ZnO dissolve and the solution becomes acidic. The 

product was extracted with ethyl acetate (40 ml) followed by washing the organic phase 

with brine and drying using anhydrous MgSO4. The organic phase was decanted and the 

solvent removed under reduced pressure to obtain light yellow crude solid. 

Recrystallization from boiling ethanol/ water offers pale-yellow crystals (0.18 g, 52% 

yield) mp of 140-142 °C (literature mp: 142°C67). 1H NMR (400 MHz, DMSO-d6)   

(ppm): 8.83 (1H, s), 8.49 (1H, s), 7.78 (2H, d, JH-F = 8.5 Hz), 7.40 (2H, dd, JH-F = 7.8 Hz, 

2.3Hz), 7.1 (2H, dd, JH-F = 10.5 Hz, 7.3 Hz) 

 
Figure S4.14: 1H NMR of 1,8-Difluoroanthracene in 10% DMSO-d6 in CCl4  

Synthesis of 10-Bromo-1,8-Difluoroanthracene: Bromine (0.18 g, 1.1 mmoles) was 

dissolved in CCl4 (5 ml) and added slowly to a solution of 1,8-Difluoroanthracene (0.12 g, 

0.56 mmoles) in CCl4 (5 ml).  The mixture was stirred at room temperature for 2 hours 
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followed by overnight stirring at 60 oC. The reaction mixture was passed through a silica 

gel plug (5 g, flash chromatography grade) and eluted with hexanes. The organic solvent 

was removed under reduced pressure to obtain yellow crystals of 10-Bromo-1,8-

Difluoroanthracene (0.15 g, 91% yield) with a mp of 134-136 °C (recrystallized from 

Ethanol/ water). 1H NMR (400 MHz, DMSO-d6)   (ppm): 8.92 (1H, s), 8.24 (2H, d, JH-F 

= 9.2 Hz), 7.56 (2H, ddd, JH-F = 5.6 Hz, 9.2 Hz, 7.6 Hz), 7.22 (2H, dd, JH-F = 10 Hz, 7.6 

Hz). 

 

                    

Figure S4.15: 1H NMR of 10-Bromo-1,8-Difluoroanthracene in DMSO-d6 

Synthesis of 4,5-Difluoroanthracene-9-Carboxylic acid (4,5diF-9AC): In a 50 mL oven 

dried Schlenk flask, 10-Bromo-1,8-Difluoroanthracene (0.2 g, 0.73 mmoles) was dissolved 

in dry diethyl ether (20 ml) and cooled to < -50 oC using previously cooled Lab Armor dry 

bath beads. n-Butyllithium (2.5 molar in hexane, 0.32 ml, 1.1 equivalent) was added to the 

solution and allowed to react for 1 hour while maintaining the temperature < -50 oC. Dry 
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CO2 gas was bubbled for 20 minutes while the reaction was allowed to slowly warm to 

room temperature.  The reaction mixture was quenched by adding it to crushed ice (50 ml) 

followed by extracting the aqueous phase with ethyl acetate (50 ml) followed by hexanes 

(2 x 50 ml). The carboxylic acid was precipitated out of the aqueous phase by adding 

concentrated HCl (3 ml) to offer a yellow precipitate of crude 4,5diF-9AC that was suction 

filtered and recrystallized from boiling ethanol (10 ml) and water (10 ml). Obtained a 

yellow crystalline powder (0.22 g, 85% yield) with a mp of 274-275 °C . 1H NMR (400 

MHz, Acetone-d6)   (ppm): 8.97 (H, s), 8.01 (2H, d, JH-F = 8.9 Hz), 7.64 (2H, ddd, JH-F = 

5.8 Hz, 8.9 Hz, 7.3 Hz), 7.37 (2H, dd, JH-F = 10.8 Hz, 7.3 Hz). 13C NMR (100 MHz, 

Acetone-d6)   (ppm): 168.77 (C=O), 159.92-157.40 (C-F, J = 252 Hz), 129.88, 129.30, 

127.55-127.47 (C-C-C-F, J = 8 Hz), 122.19, 121.61-121.57 (J = 4 Hz), 114.35, 108.96-

108.77 (C-C-F, J = 20 Hz). 

 

 
Figure S4.16: 1H NMR of 4,5-Difluoroanthracene-9-Carboxylic acid in Acetone-d6 
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Figure S4.17: 13C NMR of 4,5-Difluoroanthracene-9-Carboxylic acid in Acetone-d6 

 

Synthesis of 2-Chloroanthracene-9-carboxylic acid (2Cl-9AC): Synthetic Figure S4.18 

was followed 

                                    

 
Figure S4.18: The synthesis of 2Cl-9AC 

Synthesis of 9-Bromo-2-chloro-anthracene: Bromine (0.15 g, 0.56 mmoles, 1 eq.) was 

dissolved in CCl4 (5 ml) and added slowly over a period of 10 min to a solution of 2-

Chloroanthracene (0.2 g, 0.56 mmoles, 1 eq.) in CCl4 (40 ml).  The mixture was stirred at 

R: Br2; S: CCl4;

rt to 60oC, 

overnight

(94%)

1 R: n-Butyllithium; S: Et2O;

   -50 oC, 60 min  

2 R: CO2; -50 oC to rt

3 R: HCl; S: H2O

(65%)

2-chloroanthracene

(2Cl-9AC)

Cl Cl

Cl

Br

O OH

2-Chloro-anthracene-9-carboxylic acid

9-Bromo-2-chloro-anthracene
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room temperature for 2 hours followed by overnight stirring at 60 oC. The reaction mixture 

was passed through a silica gel plug (5 g, flash chromatography grade) and eluted with 

hexanes. The organic solvent was removed under reduced pressure to obtain relatively pure 

yellow crystals of 9-Bromo-2-chloro-anthracene (0.26 g, 94% yield). A small quantity was 

recrystallized from acetic acid to give yellow crystals with mp of 138.5-141 °C (literature 

mp: 139-140 °C)68.  1H NMR (400 MHz, DMSO-d6)   (ppm): 8.50 (1H, s), 8.43 (2H, d, J 

= 8.9 Hz), 8.02 (2H, dd, J = 3.4 Hz, 8.9 Hz), 7.61 (1H, ddd, J = 0.9 Hz, 1.4 Hz, 6.8 Hz), 

7.52 (1H, ddd, J = 1.4 Hz, 1,1 Hz, 8.2 Hz), 7.41 (1H, dd, J = 1.8 Hz, 9.1 Hz) 

 

 
Figure S4.19: 1H NMR of 9-Bromo-2-chloro-anthracene in DMSO-d6  

 

Synthesis of 2-Chloro-anthracene-9-carboxylic acid (2Cl-9AC): In a 50 mL oven dried 

Schlenk flask, 9-Bromo-2-chloro-anthracene (0.23 g, 0.78 mmoles) was dissolved in dry 

diethyl ether (20 ml) and cooled to -50 oC using previously cooled Lab Armor dry bath 
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beads. n-Butyllithium (2.5 molar in hexane, 0.31 ml, 1.0 equivalent) was added to the 

solution and allowed to react for 1 hour while maintaining the temperature < -50 oC. Dry 

CO2 gas was bubbled for 20 minutes while the reaction was allowed to slowly warm to 

room temperature.  The reaction mixture was quenched by adding it to crushed ice (50 ml) 

followed by extracting the aqueous phase with ethyl acetate (50 ml) followed by hexanes 

(2 x 50 ml). The carboxylic acid was precipitated out of the aqueous phase by adding 

concentrated HCl (3 ml) to offer a yellow precipitate of crude 2Cl-9AC that was suction 

filtered and recrystallized from boiling ethanol/ water. Obtained a yellow crystalline 

powder (0.13 g, 65% yield) with a mp of 226-228 °C . 1H NMR (400 MHz, DMSO-d6)   

(ppm): 8.77 (1H, s), 8.20 (1H, d, J = 9.6 Hz), 8.14 (1 H, d, J = 8.9 Hz), 8.03 (1H dd, J = 

1.1 Hz, 0.9 Hz), 7.61 (3H, m). 13C NMR (100 MHz, DMSO-d6)   (ppm): 170.12 (C=O), 

132.44, 131.72, 131.29, 129.70, 129.32, 129.18, 128.45, 128.26, 127.69, 126.97, 126.71, 

125.45, 123.49 

 
Figure S4.20: 1H NMR 2-Chloro-anthracene-9-carboxylic acid in DMSO-d6 
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Figure S4.21: 13C NMR 2-Chloro-anthracene-9-carboxylic acid in DMSO-d6 

 

Synthesis of 4-Chloroanthracene-9-carboxylic acid (4Cl-9AC): Synthetic Figure S4.22 

was followed 

 
Figure S4.22: The synthesis of 4Cl-9AC 

Cl Cl

Br

R: Br2; S: CCl4;

rt to 60oC, 

overnight

(92%)

Cl1 R: n-Butyllithium; S: Et2O;

  -50 oC, 60 min  

2 R: CO2; -50 oC to rt

3 R: HCl; S: H2O

(60%)

1-chloroanthracene

4-chloroanthracene-9-carboxylic acid

(4Cl-9AC)

OHO

10-Bromo-1-chloro-anthracene
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Synthesis of 10-Bromo-1-chloro-anthracene: Synthesis of this compound was done using 

a procedure similar to the one used for the synthesis of Synthesis of 9-Bromo-2-chloro-

anthracene. Obtained yellow crystals (92% yield) with a mp = 132-134 oC. 1H NMR 

(DMSO-d6)  (ppm):  8.95 (1H, s), 8.39 (2H, dd, J= 8.9 Hz, 0.7 Hz), 8.29 (1H, dd, J = 0.7 

Hz, 9.1 Hz ), 7.77 (2H), 7.63 (2H, m) 

 
Figure S4.23: 1H NMR 10-Bromo-1-chloro-anthracene in DMSO-d6 

Synthesis of 4-Chloro-anthracene-9-carboxylic acid (4Cl-9AC): Synthesis of this 

compound was done using a procedure similar to the one used for the synthesis of Synthesis 

of 2-Chloro-anthracene-9-carboxylic acid. Obtained yellow crystals (60% yield) with a mp 

= 256 oC with decomposition (Literature mp = 258 oC69). 1H NMR (400 MHz, DMSO-d6) 

  (ppm): 8.97 (1H, s), 8.30 (1H, d, J = 8.2 Hz), 8.09 (2H, dd, J = 1.4 Hz, 8.9 Hz), 7.76 

(1H, dd, J = 0.7 Hz, 7.1 Hz), 7.63 (2H, m), 7.55 (1H, dd, J = 8.9 Hz, 7.3 Hz). 13C NMR 
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(100 MHz, DMSO-d6)   (ppm): 170.33 (C=O), 131.73, 131.61, 129.66, 128.76, 128.57, 

128.08, 128.04, 127.75, 127.25, 127.16, 126.57, 126.22, 125.31, 125.26 

 
Figure S4.24: 1H NMR 4-Chloro-anthracene-9-carboxylic acid in DMSO-d6 

 
Figure S4.25: 13C NMR 4-Chloro-anthracene-9-carboxylic acid in DMSO-d6 
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Synthesis of 4,5-dichloroanthracene-9-carboxylic acid (4,5diCl-9AC): Synthetic 

Scheme 4 was followed 

 

  
Figure S4.26: The synthesis of 4,5diCl-9AC 

 

Synthesis of 1,8-Dichloroanthracene: Synthesis of this compound was done following the 

literature procedure70. Obtained yellow needles (51% yield) with a mp = 157-158 oC (Lit. 

156.5-158 oC5).  1H NMR (400 MHz, DMSO-d6)   (ppm): 9.17 (1H, s), 8.54 (1H, s), 7.97 

(2H, d, J = 8.5 Hz), 7.62 (2H, d, J = 7.3 Hz), 7.43 (2H, dd, J = 7.1 Hz, 8.5 Hz) 

O

O

Cl Cl Cl Cl

(51%)

Cl Cl

Br

R: Br2; S: 

CH2Cl2;

0 oC to rt, 

overnight

(82%)

Cl Cl1 R: n-Butyllithium; S: Et2O;

   < -50 oC, 60 min  

2 R: CO2; -50 oC to rt

3 R: HCl; S: H2O

(4,5diCl-9AC)

10-Bromo-1,8-dichloroanthracene

1,8-Dichloroanthracene

4,5-dichloroanthracene-9-carboxylic acid

(40%)

1,8-Dichloro-anthraquinone

1 R: Zn; R: NH4OH;

   C: CuSO4; S: H2O;

   24-36 h, 80 oC

2 R: HCl; S: Me2CHOH;

    3 h, 80 oC

OHO
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Figure S4.27: 1H NMR 1,8-Dichloroanthracene in DMSO-d6 

 

Synthesis of 10-Bromo-1,8-dichloroanthracene: Synthesis of this compound was done 

following the literature procedure71.  Obtained yellow crystals (82% yield) with a mp = 

199-201 oC. 1H NMR (DMSO-d6)  (ppm):  9.32 (1H, s), 8.46 (2H, dd, J = 8.9 Hz, 0.9 Hz), 

7.71 (2H, d, J = 7.1 Hz), 7.58 (2H, dd, J = 7.3 Hz, 8.9 Hz) 
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Figure S4.28: 1H NMR 10-Bromo-1,8-dichloroanthracene in DMSO-d6 

 

Synthesis of 4,5-dichloroanthracene-9-carboxylic acid (4,5diCl-9AC): Synthesis of this 

compound was done using a procedure similar to the one used for the synthesis of Synthesis 

of 4-Chloro-anthracene-9-carboxylic acid. Obtained yellow crystals (40% yield) with a mp 

> 270 oC. 1H NMR (400 MHz, DMSO-d6)   (ppm): 9.19 (1H, s), 8.02 (2H, ddd, J = 0.9 

Hz, 1.8 Hz, 8.9 Hz), 7.87 (2H, d, J = 6.6 Hz), 7.65 (2H, dd, J = 7.2 Hz, 8.7 Hz). 13C NMR 

(100 MHz, DMSO-d6)   (ppm): 169.88 (C=O), 132.79, 131.87, 128.63, 128.47, 128.37, 

127.60, 125.23, 121.36 
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Figure S4.29: 1H NMR 4,5-dichloroanthracene-9-carboxylic acid in DMSO-d6 

 

 
Figure S4.30: 13C NMR 4,5-dichloroanthracene-9-carboxylic acid in DMSO-d6 
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4.7.2 S4: Crystallographic information for 4,5diF-9AC: 

 

Procedure: 

A light-yellow thin needle fragment (0.475 x 0.032 x 0.010 mm3) was used for the single 

crystal x-ray diffraction study of C15H8F2O2 (sample cb71_0m). The crystal was coated 

with paratone oil and mounted on to a cryo-loop glass fiber. X-ray intensity data were 

collected at 100(2) K on a Bruker APEX272 platform-CCD x-ray diffractometer system 

(fine focus Mo-radiation,  = 0.71073 Å, 50KV/30mA power). The CCD detector was 

placed at a distance of 5.0600 cm from the crystal. 

A total of 3600 frames were collected for a hemisphere of reflections (with scan width of 

0.3o in  and  starting  and 2 angles of –30o, and  angles of 0o, 90o, 180o, and 270o 

for every 600 frames, and 1200 frames with -scan from 0o-360o, 180 sec/frame exposure 

time). The frames were integrated using the Bruker SAINT software package73 and using 

a narrow-frame integration algorithm. Based on a monoclinic crystal system, the integrated 

frames yielded a total of 13979 reflections at a maximum 2 angle of 50.698o (0.83 Å 

resolution), of which 1979 were independent reflections (Rint = 0.0976, Rsig = 0.0591, 

redundancy = 7.1, completeness = 100%) and 1318 (66.6%) reflections were greater than 

2(I). The unit cell parameters were, a = 3.7462(11) Å, b = 9.5568(27) Å, c = 29.9042(84) 

Å,  = 90.3574(47)o, V = 1072.6(5) Å3, Z = 4, calculated density Dc = 1.602 g/cm3. 

Absorption corrections were applied (absorption coefficient  = 0.129 mm-1
; min/max 

transmission = 0.941/0.999) to the raw intensity data using the SADABS program74.  

 

The Bruker SHELXTL software package75 was used for phase determination and structure 
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refinement. The distribution of intensities (E2-1 = 1.006) and systematic absent reflections 

indicated one possible space group, P2(1)/n. The space group P2(1)/n (#14) was later 

determined to be correct. Direct methods of phase determination followed by two Fourier 

cycles of refinement led to an electron density map from which most of the non-hydrogen 

atoms were identified in the asymmetric unit of the unit cell. With subsequent isotropic 

refinement, all of the non-hydrogen atoms were identified. There was one molecule of 

C15H8F2O2 present in the asymmetric unit of the unit cell. The intermolecular hydrogen 

bond distances and angles are given in the crystal structure refinement section. 

Atomic coordinates, isotropic and anisotropic displacement parameters of all the non-

hydrogen atoms were refined by means of a full matrix least-squares procedure on F2. The 

H-atoms were included in the refinement in calculated positions riding on the atoms to 

which they were attached, except the OH hydrogen atom involved in intermolecular 

hydrogen bonding was refined unrestrained. The refinement converged at R1 = 0.0478, 

wR2 = 0.1117, with intensity I>2s (I). The largest peak/hole in the final difference map 

was 0.283/-0.334 e/Å3.  

 Crystal data and structure refinement for 4,5diF-9AC. 

Identification code  cb71_0m 

Empirical formula  C15 H8 F2 O2 

Formula weight  258.21 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 
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Space group  P 21/n 

Unit cell dimensions a = 3.7462(11) Å a= 90°. 

 b = 9.557(3) Å b= 90.357(5)°. 

 c = 29.904(8) Å g = 90°. 

Volume 1070.6(5) Å3 

Z 4 

Density (calculated) 1.602 Mg/m3 

Absorption coefficient 0.129 mm-1 

F(000) 528 

Crystal size 0.475 x 0.032 x 0.010 mm3 

Theta range for data collection 1.362 to 25.349°. 

Index ranges -4<=h<=4, -11<=k<=11, -36<=l<=36 

Reflections collected 13979 

Independent reflections 1979 [R(int) = 0.0976] 

Completeness to theta = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1979 / 0 / 173 

Goodness-of-fit on F2 1.034 

Final R indices [I>2sigma(I)] R1 = 0.0478, wR2 = 0.1117 

R indices (all data) R1 = 0.0856, wR2 = 0.1273 

Extinction coefficient n/a 
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Largest diff. peak and hole 0.283 and -0.334 e.Å-3 

S5: Crystallographic information for 4,5diCl-9AC: 

Procedure: 

A light-yellow thin needle fragment (0.500 x 0.042 x 0.032 mm3) was used for the single 

crystal x-ray diffraction study of C15H8Cl2O2 (sample cb72_0m). The crystal was coated 

with paratone oil and mounted on to a cryo-loop glass fiber. X-ray intensity data were 

collected at 100(2) K on a Bruker APEX272 platform-CCD x-ray diffractometer system 

(fine focus Mo-radiation, l = 0.71073 Å, 50KV/30mA power). The CCD detector was 

placed at a distance of 5.0600 cm from the crystal. 

A total of 4800 frames were collected for a sphere of reflections (with scan width of 0.3o 

in w and f, starting w and 2q angles of –30o, and f angles of 0o, 90o, 120o, 180o, 240o, and 

270o for every 600 frames, and 1200 frames with f-scan from 0o-360o, 60 sec/frame 

exposure time). The frames were integrated using the Bruker SAINT software package73 

and using a narrow-frame integration algorithm. Based on a monoclinic crystal system, the 

integrated frames yielded a total of 30670 reflections at a maximum 2q angle of 60.068o 

(0.71 Å resolution), of which 3482 were independent reflections (Rint = 0.0692, Rsig = 

0.0388, redundancy = 8.8, completeness = 100%) and 2910 (83.6%) reflections were 

greater than 2s(I). The unit cell parameters were, a = 18.665(2) Å, b = 3.8338(4) Å, c = 

33.213(4) Å, b = 95.3374(17)o, V = 2366.4(4) Å3, Z = 8, calculated density Dc = 1.621 

g/cm3. Absorption corrections were applied (absorption coefficient m = 0.524 mm-1
; 

min/max transmission = 0.779/0.983) to the raw intensity data using the SADABS 

program74.  
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The Bruker SHELXTL software package75 was used for phase determination and structure 

refinement. The distribution of intensities (E2-1 = 1.001) and systematic absent reflections 

indicated one possible space group, C2/c. The space group C2/c (#15) was later determined 

to be correct. Direct methods of phase determination followed by two Fourier cycles of 

refinement led to an electron density map from which most of the non-hydrogen atoms 

were identified in the asymmetric unit of the unit cell. With subsequent isotropic 

refinement, all of the non-hydrogen atoms were identified. There was one disordered 

molecule of C15H8Cl2O2 present in the asymmetric unit of the unit cell. The Cl-atoms 

bonded to C4 and C5 were modeled with disordered. The disordered Cl/H site occupancy 

ratio was 96%/4%. The intermolecular hydrogen bond distances and angle are given in 

crystal data and structure section. 

Atomic coordinates, isotropic and anisotropic displacement parameters of all the non-

hydrogen atoms were refined by means of a full matrix least-squares procedure on F2. The 

H-atoms were included in the refinement in calculated positions riding on the atoms to 

which they were attached, except the OH hydrogen atom involved in intermolecular 

hydrogen bonding was refined unrestrained. The refinement converged at R1 = 0.0443, 

wR2 = 0.1126, with intensity I>2s (I). The largest peak/hole in the final difference map 

was 0.938/-0.389 e/Å3.  

Crystal data and structure refinement for 4,5diCl-9AC. 

Identification code  4,5diCl-9AC 

Empirical formula  C15 H8.07 Cl1.93 O2 

Formula weight  288.70 
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Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 18.665(2) Å a= 90°. 

 b = 3.8338(4) Å b= 95.3374(17)°. 

 c = 33.213(4) Å g = 90°. 

Volume 2366.4(4) Å3 

Z 8 

Density (calculated) 1.621 Mg/m3 

Absorption coefficient 0.524 mm-1 

F(000) 1175 

Crystal size 0.500 x 0.042 x 0.032 mm3 

Theta range for data collection 2.192 to 30.034°. 

Index ranges -26<=h<=26, -5<=k<=5, -46<=l<=46 

Reflections collected 30670 

Independent reflections 3482 [R(int) = 0.0692] 

Completeness to theta = 25.242° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3482 / 0 / 177 

Goodness-of-fit on F2 1.066 
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Final R indices [I>2sigma(I)] R1 = 0.0443, wR2 = 0.1126 

R indices (all data) R1 = 0.0546, wR2 = 0.1199 

Extinction coefficient n/a 

Largest diff. peak and hole 0.938 and -0.389 e.Å-3 
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Chapter 5 Characterization of Highly Stable Solid-State 

Nitrenes Created by Photolysis of Crystalline 4-Azido-2,3,5,6-

tetrafluorobenzoic acid 
 

5.1 Abstract 
The structure, spectroscopy, and photochemistry of 4-azidobenzoic acid (4ABC) and its 

perfluorinated analog 4-Azido-2,3,5,6-tetrafluorobenzoic acid (4F4ABC) are 

characterized in both frozen glasses and crystals.  Photolysis of the parent azides leads to 

the production of nitrenes and other spin species that are probed by electron paramagnetic 

resonance (EPR) and optical spectroscopy.  Fluorination leads to large, nonintuitive shifts 

in the nitrene absorption spectra, which were analyzed using density functional 

calculations.  Photolysis generates ~10× higher yield of the triplet nitrene in 4F4ABC 

relative to the quintet and radical side-products, while the radical side-product is the 

dominant species in 4ABC.  The unwanted spin side-products in the 4F4ABC crystal could 

be removed through a raised-temperature annealing step, creating a solid where the nitrene 

was the dominant spin species.  In a solution the nitrene survives for less than 1 s, but in 

the 4F4ABC crystal it has a lifetime of about 20 days at room temperature in open air.  

Analysis of the electron spin resonance lineshapes suggests that the remarkable stability of 

this nitrene results from the 4F4ABC crystal’s different packing that traps N2 molecules 

adjacent to the nitrene.  This stability makes it possible to photopattern them into a single 

crystal and characterize their photoluminescence.  The ability to create solid-state nitrene 

samples that are stable for up to a month under ambient conditions suggests that they could 

form the basis of new materials with potential applications in spintronics and quantum 

information science.    
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5.2 Introduction 
 Unpaired electrons in molecules can give rise to high-spin configurations that have 

possible applications for magnetic sensing1, spintronics2, light emission3, and nonlinear 

optics4.  More recently, such species have attracted attention as elements for quantum 

information science.5-7  In this latter application, most work has centered on metal-ligand 

complexes where the electrons adopt stable, unpaired spin configurations in the central 

metal atom’s d and f orbitals.8-11  For organic molecules, open-shell configurations tend to 

be very unstable, and this area is just beginning to be explored.12  One high-spin carbon-

nitrogen species that has attracted considerable interest for quantum information 

applications is the diamond vacancy center (DVC), consisting of a nitrogen impurity atom 

embedded in a diamond lattice.13-15  It exists in a triplet ground state with three 

nondegenerate sublevels that can be placed in superposition states using microwave 

excitation.  Thanks to its high fluorescence quantum yield, spin dynamics in single DVC 

can be probed by optically detected magnetic resonance (ODMR) experiments.  The rigid 

carbon lattice helps prevent decoherence due to phonons and spin-orbit coupling from 

rapidly degrading the spin superposition states necessary for quantum applications. 

 Nitrenes are probably the closest organic chemistry analog to the DVC, since they 

also possess a triplet ground state.16  But although the possibility of using nitrenes in 

quantum information science has been raised in the literature17, their instability has 

prevented any significant experimental efforts in this direction.  Nitrene species are 

typically created by azide photolysis and intersystem crossing to form the triplet ground 

state.18  The triplet nitrene typically has a sub-second lifetime at room temperature in 

condensed phase environments due to reactions with oxygen19, hydrogen abstraction20, and 
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molecular rearrangements.21, 22  A nitrene species is often regarded as “stable” or 

“persistent” if it is stable above liquid nitrogen temperatures23, 24 or survives for 

microseconds at room temperature25, but practical applications require much longer 

lifetimes.  

 Some previous work suggests that nitrenes can be stabilized in a crystal 

environment if they are created in situ by photolysis of the parent azide.  Moriarty et al. 

reported a triplet nitrene that survived for approximately one week at room temperature 

after photolysis of crystalline cyanuric acid.26  Sugawara and coworkers showed that when 

4-azidobenzoic acid (4ABC) crystallized in a head-to-head stacking motif, photolysis of 

the crystal produced a triplet nitrene species that survived for up to 10 days at room 

temperature.27, 28  The nitrene stability was attributed to trapped N2 molecules that slowed 

down subsequent side reactions of the nitrenes, like hydrogen abstraction and nitrogen 

insertion.  While this work provided evidence that it was possible for nitrenes to survive in 

a crystalline environment, it also had some limitations.  No EPR spectra or detailed 

characterization of the long-lived nitrene species were provided.  The presence of other 

high-spin signals, like doublets and quintets, suggested that side reactions resulted in a 

complex mixture of EPR active species.  As we show below, the nitrene triplet was actually 

a minor component in the 4ABC system.  Lastly, irreversible shifting and loss of intensity 

in the EPR spectrum occurred when the 4ABC crystal was warmed to room temperature.   

 These earlier observations of long-lived triplet nitrenes motivated us to revisit the 

4ABC crystal system using additional characterization techniques and new synthetic 

analogs.  Specifically, we reasoned that fluorine substitution could reduce the propensity 
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for side reactions that involved hydrogen abstraction as well as modify the crystal packing 

due to stronger electrostatic interactions.  To test this hypothesis, we compared the 

structure, spectroscopy, and photochemistry of 4ABC with its perfluorinated analog 4-

Azido-2,3,5,6-tetrafluorobenzoic acid (4F4ABC) in frozen glasses and crystals.  Electron 

paramagnetic resonance (EPR) and optical spectroscopy measurements were used to 

monitor the production of nitrenes and other spin species.  The large, nonintuitive shifts in 

the nitrene optical properties were analyzed using density functional calculations.  Benefits 

of the fluorinated derivative include much greater stability, the ability to remove unwanted 

spin side-products through a raised-temperature annealing step, and red-shifted absorption 

and emission spectra.  These advantages appear to result from the modified crystal packing 

in 4F4ABC that traps the N2 produced by azide photolysis inside the crystal and excludes 

O2, providing an effective inert gas matrix that preserves the unstable nitrene.  The ability 

to create solid-state nitrene samples that are stable for days in air and at room temperature 

should enable new types of experimental studies, for example spin measurements that 

could be used to assess their potential as molecular qubits.  Solid-state materials based on 

open-shell species could have novel properties with applications ranging from nonlinear 

optics to quantum information science. 

5.3 Experimental 
 

5.3.1 Sample Preparation:   

4ABC and 4F4ABC were purchased from Tokyo Chemical Industries (TCI) and 

used without further preparation.  Methyl Tetrahydrofuran (MTHF) was purchased from 

TCI and used without further purification.  Acetone and methanol were obtained from 
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Fischer Scientific and used as received.  Crystals of 4F4ABC and 4ABC were grown using 

solvent evaporation.  20 mg of the compound was placed into a 20 ml vial and 0.7 ml of 

methanol or acetone were added.  The solution was loosely capped, and the solvent slowly 

evaporated over the course of several days.  Needle like crystals formed.  Powdered 

samples for EPR were obtained directly from the bottle or after grinding using a mortar 

and pestle.  Both sample preparation methods gave the same EPR signals.  Glasses of 

4F4ABC and 4ABC were prepared using a 10-3 M solution in MTHF that had been stored 

in the dark.  The solution was poured into a Type 32 Standard Cylindrical Polarimeter Cell 

(Firefly Scientific) with a path length of 2 mm.  The cell opening was capped with a Teflon 

stopper.  The cell was covered with indium metal and mounted in a Janis ST-100 cryostat.  

The cryostat was cooled using liquid nitrogen for at least four hours to ensure the sample 

attained thermal equilibrium.   

5.3.2 Characterization:   

To photolyze the samples, they were irradiated for one minute with a 15 W 365 nm 

mercury lamp immediately before analysis.  Solution and glass absorption spectra were 

acquired using a Cary 60 UV-Vis Spectrometer.  Diffuse reflectance measurements on 

crystalline samples were taken using a Shimadzu UV-3101PC.  The crystal powders were 

reacted prior to being pressed into a barium sulfate matrix.  For EPR measurements, the 

powders were placed in 4 mm Thin Wall Suprasil Economy EPR tubes, and spectra were 

acquired using a Brucker EMX X-band spectrometer with a high sensitivity cavity.  

Temperature control was accomplished by a Eurotherm temperature control unit.  EPR 

spectra were fit using EasySpin.  Data was imported into the program and fit utilizing the 
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esfit function.  Initial zero-field parameters were obtained from previous literature.28  A 

Gaussian line broadening setting of 1 was used and all parameters were varied until the 

root-mean-square-deviation was minimized. 

5.3.3 Computational Details:   

Molecular geometries were optimized in vacuum using density functional theory 

(DFT) in combination with the (unrestricted) B3LYP exchange-correlation functional29 

and the 6-31+G(d,p) basis set. Vibrational frequencies were computed for all the molecular 

geometries and no imaginary frequencies were found, confirming that all the geometries 

correspond to minima of the potential energy surface. Singlet-to-singlet (azides) and 

triplet-to-triplet (nitrenes) vertical transitions have been obtained within the (linear 

response) time-dependent DFT (TDDFT) using the CAM-B3LYP exchange-correlation 

functional30 and the same basis set as in ground state calculations. Dependence of 

excitation energies with respect to the computational level can be found in the Supporting 

Information (Table S2). Simulated absorption spectra were generated by the convolution 

of Gaussian functions (half-bandwidth of 3226.2 cm-1) centered at the computed vertical 

excitation energies at the Franck-Condon geometries. All calculations were performed with 

the Gaussian 16 package.31 
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5.4 Results 
 

 

Figure 5.1: The azide group in 4ABC is cleaved when exposed to UV light, leaving the 

nitrene attached to the benzoic acid and a separated N2 molecule.  A similar reaction occurs 

in 4F4ABC. 

The azides 4ABC and 4F4ABC differ only by the substitution of F-atoms for the 

H-atoms on the phenyl ring.  The first question is whether this substitution leads to different 

properties at the molecular level.  Calculations indicate that the two molecules adopt 

identical geometries, but their electronic structures are significantly different.  This can be 

seen by the substantial blue-shift of the 4F4ABC ultraviolet absorbance relative to 4ABC, 

as shown in Figure 2A.  This large blue-shift shift is not typically seen when polycyclic 

aromatic hydrocarbons or their carboxylic acid derivatives are fluorinated.32-36  To 

understand the origin of this shift, we turned to TDDFT calculations, and the calculated 

energy levels and orbitals of the azides are shown in Figure 2B.  Fluorine substitution 

causes both HOMO and LUMO to shift down in energy, but the HOMO is more stabilized, 

and this opens up a larger gap in 4F4ABC.  The lower lying HOMO-1 orbitals are almost 

completely unaffected by F-atom substitution but play no role in the lowest energy 

transition.  The calculated energy shift for the S1S0 transition of 0.1 eV in 4F4ABC with 

respect to 4ABC is similar to the experimentally observed blueshift of 0.2 eV.   
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Figure 5.2: A) The absorbance of unreacted azides 4ABC (black) and 4F4ABC (red).  B) 

Frontier molecular orbital diagram for the singlet ground state of 4ABC (left) and 4F4ABC 

(right) azides. Vertical arrows (with computed excitation energies) indicate the main 

contribution to the S1S0 transition corresponding to the lowest absorption band in A).  

 

In solution, 4ABC and 4F4ABC both undergo azide photolysis as shown in Figure 

5.1.  The resulting nitrenes react within seconds to generate various species in room 

temperature solution, causing the solution to turn to a characteristic yellow brown color 

due to a broad, featureless absorption that extends into the visible region and probably 

belongs to a nitro species (Supporting Information).  The same decomposition also occurs 

within minutes in an organic glass if the temperature is above 90 K.  Only at lower 

temperatures were we able to trap both nitrenes in a Me-THF glass and characterize them.  

The presence of the nitrene was confirmed by EPR measurements (Supporting Information, 

Figure S6).  In particular, we could take absorption spectra of the two molecular species, 

which are shown in Figure 3.  The absorption of the 4ABC nitrene resembles that of other 

aromatic nitrenes measured in low temperature glasses.37, 38  Remarkably, F-substitution 
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shifted the triplet nitrene absorption into the visible region, resulting in a deep purple color 

after irradiation.  We were surprised that a small molecule like 4F4ABC could give rise to 

such a strong absorption at visible wavelengths.  Previous results on the absorption of 

fluorinated phenyl nitrenes in their singlet states gave no indication of such large shifts.39 

 

 

Figure 5.3: A) The absorbance of nitrenes generated from 4ABC (red) and 4F4ABC 

(black) in a Me-THF glass B) Frontier molecular orbital diagram for the triplet ground state 

of 4ABC (left) and 4F4ABC (right) nitrenes. Vertical arrows (with computed excitation 

energies) indicate the main contribution to the T1T0 transition corresponding to the 

lowest absorption band in A). 
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Figure 5.4: Crystal packing of 4ABC A) and 4F4ABC C) showing aromatic planes and 

carboxylic acid interactions.  When viewed parallel to the aromatic ring planes, C) 4ABC 

forms sheets of molecules while D) 4F4ABC forms opposing stacks of molecules.   

The different spectral shifts induced by fluorination in the nitrenes as compared to 

the parent azides, along with their large redshifts, motivated us to return to the TDDFT 

calculations.  Stabilization of nitrenes’ frontier orbitals by F-atom substitution is similar to 

that in the azides, but with a different electronic occupancy due to the triplet state nature 

of the ground state (Figure 3B).  In the nitrenes, the azide HOMO-1 orbital evolves to 

become the HOMO, while the previous HOMO and LUMO become the two singly 

occupied molecular orbitals (SOMOs).  Calculations revealed that the lowest triplet state 

excitation corresponds to the HOMO→SOMO electron transition, which carries 

appreciable oscillator strength and can be associated with to the lowest energy band in the 

absorption spectra (Figure 3A).  The lack of sensitivity of the HOMO (previously the 
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HOMO-1 in the azides) to fluorine substitution means that the optical gap is now controlled 

by the stabilization of the SOMO (previously the HOMO in the azides).  The same F-

induced stabilization of this orbital that increased the optical gap in the azides now 

decreases the optical gap for the nitrenes.  The TDDFT calculated shift for the T1T0 

transition (-0.48 eV) is in reasonable agreement with the observed shift (-0.3 eV).  The 

different absorption shifts seen in the azides and nitrenes arise from the involvement of 

different molecular orbitals in their electron configurations.  We suspect that this 

counterintuitive shifting will be found in other closed-shell versus open-shell molecules as 

substituent effects are investigated in more detail. 

 The spectroscopic characterization of the dilute nitrenes had to be carried out at 

cryogenic temperatures to prevent decomposition.  We wanted to stabilize the nitrenes by 

trading the disordered environment of the glass for the tightly packed environment of the 

crystal.  4ABC crystallizes in two-dimensional sheets, where the COOH groups hydrogen 

bond to each other and the azide groups face each other within the sheets as shown in 

Figures 4A, C.  This head-to-head stacking motif is seen in other aromatic carboxylic acids 

because the COOH group is a strong structure directing group.40, 41  Because the 4ABC 

crystal packing is dominated by hydrogen bond interactions, we hypothesized that 

substitution on the aromatic ring would not lead to major changes.  Indeed, 4F4ABC 

crystallizes with the same head-to-head hydrogen-bonded pairs as 4ABC but with one 

important difference.  In 4F4ABC the hydrogen-bonded pairs crystallize not in sheets but 

as dimer stacks tilted at opposing angles (Figures 4B, D).  This arrangement is reminiscent 

of herringbone packing in that it allows the F-atoms to interact with the -conjugated 
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aromatic rings more directly.  The role of F atom substitution in modifying crystal 

structures is complicated because there are multiple weak intermolecular interactions that 

can be affected.42  Both repulsive 43 and attractive43 forces have been attributed to F···F 

interactions, making it difficult to predict their effect on molecular packing.  However, 

several experimental results have shown that the presence of F atoms on aromatic rings can 

disrupt planar stacking44, 45, consistent with what is observed in this paper.  Interestingly, 

the herringbone pair packing motif requires a significantly more space per molecule, with 

a single 4ABC molecule occupying 183.6 Å3 and single 4F4ABC molecule occupying 

196.7 Å3.  But even though the 4F4ABC crystal is less densely packed, the azide corridor 

is more constricted due to the closer approach of the tilted azide groups.  Figure 5 compares 

the free volume available for N atom movement in both crystal structures, taking the radius 

of a N atom to be 0.65 Angstroms.  A helical pathway can be seen in the 4ABC crystal that 

presumably leads to a greater probability for N2 diffusion and escape.  If close association 

of the N2 is necessary to stabilize the nitrene, then the 4F4ABC crystal should give rise to 

a more long-lived nitrene and fewer side products.  The smaller voids in 4F4ABC would 

also suppress the penetration of other gases, like O2, that can react with the nitrene. 
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Figure 5.5: A) A comparison of the void space between 4ABC and B) 4F4ABC.  The 

voids in 4ABC form columns running along the azide corridor while 4F4ABC’s voids are 

more isolated. The total void space is 4.7% in 4ABC and 0.6% in 4F4ABC as measured 

with a probe radius 0.65 Å grid spacing 0.2 Å 

 

 EPR measurements confirm that fluorination and its accompanying crystal 

structure changes dramatically affect nitrene production and stability.  When the 4ABC 

and 4F4ABC crystal powders are irradiated at 80 K and analyzed at 100 K, the EPR spectra 

exhibit three distinct signal regions at 2.5 kG, 3.2 kG and 6.7 kG (Figure 5.6).  Sugawara 

and coworkers assigned these signals to a quintet, biradical, and triplet species, 

respectively.28  Preliminary kinetic studies suggest that the quintet and biradical signals are 

produced by subsequent excitation of the nitrene that is produced by initial photolysis of 

the azide (Supporting Information).  The radical signal is likely a decomposition product 

of the nitrene, possibly due to hydrogen abstraction at a defect site20 or molecular 

rearrangement.46  The quintet signal is expected if two cofacial azide groups both undergo 

photolysis because the resulting nitrenes would form a triplet pair that can support quintet 

states.47   
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D 

(MHz) 

E 

(MHz) 

Hyperfine 

N1 (MHz)  

Hyperfine 

N2 (MHz) 

Hyperfine 

N3 (MHz) 

G 

tensor 

RMSD 

4ABC 29114 27.5 37.9 N/A N/A 2, 2, 1 .0335 

4F4A

BC 

30161 26.22 44.59 88.7 86.34 2, 2, 

1.38 

.0983 

Table 5:1: The values of the best fits obtained from easyspin.   

 

 

 

Figure 5.6: A) The EPR spectrum of 4ABC (black) and 4F4ABC (red) showing a weak 

quintet species at 2700 G, a biradical species at 3300G and a triplet signal at 6700 G.  B) 

The experimental 4ABC triplet signal at 6700 G (black) and simulated spectrum using the 

parameters in Table 1 with one hyperfine coupled nitrogen.  C) The experimental triplet 

signal of 4F4ABC (black) and simulated spectrum with three hyperfine coupled nitrogen 

atoms.   

The first obvious difference between the two crystal EPR spectra is that the radical 

signal in the 4ABC is substantially larger (~10×) than the triplet signal, while the reverse 

is true for the 4F4ABC spectrum, consistent with fewer side reactions in this crystal.  A 

second significant difference between the 4ABC and 4F4ABC crystals is the lineshape of 

the triplet signal.  The fine structure seen in both signals originates from hyperfine coupling 

of the electron spin to the spin=1 nitrogen nucleus.  A single N-atom with a nuclear spin 

of 1 should give rise to a set of 3 peaks due to hyperfine coupling, and this is the case for 
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4ABC.  In order to fit the 4F4ABC signal, however, we had to model the lineshape taking 

into account hyperfine coupling to three distinct N atoms that gave rise to 6 resolved peaks.  

Both fits to the triplet region of the EPR signal revealed zero-field splittings on the order 

of D=1 cm-1 and E=0.001 cm-1, in good agreement with previous measurements and 

calculations on aromatic nitrenes.48-51  Note that given the large D value, we only see one 

part of the triplet resonance in the X-band window.  Table 1 summarizes the fit parameters 

used for both spectra.  The asymmetric G tensor and the three inequivalent N hyperfine 

coupling constants are all consistent with the presence of an N2 molecule in close proximity 

to the nitrene center.  Interestingly, the fit parameters imply that the nitrene experiences 

greater hyperfine coupling due to the two nitrogens of the N2 than to the central nitrogen 

atom.  We are currently pursuing higher field EPR measurements to better resolve the 

hyperfine splitting and clarify the origin of these couplings.  The values reported in this 

thesis should be regarded as prelimary 

 

Figure 5.7: A) Curie plots of the triplet signal of 4F4ABC for two cycles of heating from 

100 K to room temperature (black and red) showing the stability of the nitrene triplet signal.  

B) EPR spectrum of 4F4ABC at 100 K spectrum before annealing to 285 K (black) and 

after annealing (red), showing the drastic reduction of quintet and biradical species.   
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Figure 5.8: The long-term stability of the nitrene triplet for 4ABC (black) and 4F4ABC 

(red) as measured from the intensity of the integrated EPR signal.  The linear least squares 

fit slope of the 4ABC data is 0.29 (day)-1 and 0.05 (day)-1.   

 The features of the low-temperature EPR spectra evolve in different ways for the 

two crystals as the temperature is raised to 298 K.  In both samples, the triplet signal loses 

intensity due to Curie’s Law as seen in Figure 5.7A, but in the 4F4ABC crystal, the triplet 

intensity can be completely recovered if the temperature is lowered back down as seen in 

Figure 5.7B.  Furthermore, the spectrum is completely dominated by the triplet signal at 

6.7 kG, with the quintet and radical signals almost completely eliminated.  The 4ABC 

signal, on the other hand, undergoes an irreversible loss of triplet intensity27, as well as a 

shift in spectral shape (Supporting Information).  For this crystal, lowering the temperature 

did not recover the original triplet signal intensity, nor does it restore the original triplet 
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lineshape.  At room temperature in 4F4ABC, it appears that increased reactivity consumes 

most of the quintet and radical side products but has little effect on the nitrene signal.  In 

4ABC, the opposite is true:  at room temperature, the nitrene is consumed while the side 

products increase.  If 4F4ABC is photolyzed at room temperature, the triplet signal is also 

the dominant species.  Unlike the 4ABC crystal, the 4F4ABC crystal can be prepared at 

high temperature to produce a low-temperature sample composed almost exclusively of 

triplet nitrenes.  In addition to the suppression of side products, the 4F4ABC crystal also 

extends the lifetime of the nitrene.  Figure 5.8 plots the decrease in triplet signals for both 

crystals, showing that the 4F4ABC nitrene has a 6× longer lifetime in the open air and at 

room temperature than that of 4ABC.   

We think the enhanced stability of the nitrene in the 4F4ABC crystal lattice results 

from its greater propensity to trap the N2 molecules and exclude O2.  In addition to the EPR 

data, several other observations are consistent with this hypothesis.  When the 4ABC 

crystals were irradiated with 405 nm light, they often shattered (showing a strong 

photosalient effect) and bubbles could be observed escaping from crystals irradiated under 

water.  Both observations are consistent with rapid escape of N2 gas from the crystal.52  

Irradiation of the 4F4ABC crystals under identical conditions did not produce bubbles or 

fragmentation.  But when the reacted 4F4ABC crystals were placed in an organic solvent 

to dissolve, bubble evolution was observed, presumably due to the trapped N2 escaping as 

the surrounding crystal lattice dissolved (Supporting Information).  It is interesting to note 

that many workers have used low temperature rare gas matrices to trap and characterize 

highly reactive open shell species like nitrenes.  Such experiments typically require a high 
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vacuum gas handling apparatus and a cryostat.  In 4F4ABC, the crystal packing effectively 

builds in an inert gas matrix that is stable up to room temperature and requires no special 

equipment.   
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Figure 5.9: The absorbance (black) and fluorescence (red) of the 4F4ABC nitrene in the 

solid state.  The fluorescence was excited by a 532 nm laser.  The peak of the absorbance 

is 612 nm and peak of the fluorescence is 681 nm.   

The high stability of nitrenes in the 4F4ABC crystal facilitates characterization of 

their photophysics.  Diffuse reflectance measurements on a polycrystalline powder of 

4F4ABC revealed a broad absorption peaked at around 600 nm (Figure 5.9), similar to the 

spectrum measured for isolated molecules in the glass.  Using 532 nm excitation, we 

measured the fluorescence spectrum of this species, which is also shown in Figure 5.9.  The 

fluorescence of phenylnitrene has been observed only in the gas phase.53, 54  Its small Stokes 
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shift and narrow lineshape as compared to the DVC luminescence spectrum14, 55 suggests 

a smaller coupling to crystal phonons.  The ability to measure fluorescence from this 

species in its crystalline environment suggests that highly sensitive photoluminescence 

detection of ODMR experiments, analogous to those performed using DVCs, may be 

possible.  Of course, if the nitrenes are interrogated in an ODMR experiment, then the 

possibility of additional photochemistry must be taken into account.  The wavelength 

dependent photochemistry of nitrene species is largely unexplored but could play a major 

role in determining whether they can be viable qubits.   

 

Figure 5.10: Spatial patterning of nitrenes into a single crystal of 4F4ABC leaves a purple 

square where the sample was exposed to 405 nm light.  Similar results are obtained with 

365 nm light.   

 Lastly, the ability to implant nitrene centers in a single crystal using light opens up 

the opportunity for optical patterning.  Figure 5.10 shows a simple example of a square 

pattern written into a single crystal using a scanned 405 nm laser beam.  The signature 
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purple color of the nitrene remains visible for weeks after patterning, even though the 

crystal is left exposed to air on a benchtop.  If these nitrenes were to be harnessed as qubits, 

individually addressable centers would have to be created at well-defined locations within 

the crystal, and this seems to be feasible using high resolution optical patterning methods.  

Such a quantum circuit would only be stable for a few weeks under ambient conditions, 

but this lifetime can be greatly extended at cryogenic temperatures. 

5.5 Conclusion 
 In this paper we have characterized the structure and properties of the nitrene 

species produced by photolysis of the azides 4ABC and 4F4ABC.  At the molecular level, 

one novel observation is that fluorine substitution shifts the optical spectra well into the 

visible region, which can be understood in terms of the different molecular orbitals 

populated in the open-shell configurations.  This shift permits its luminescence to be 

excited by common laser sources (e.g. 532 nm), similar to the DVC.  From a materials 

standpoint, the 4F4ABC crystal has multiple advantages over the non-fluorinated version.  

First, the initial photolysis generates ~10× higher yield of the triplet nitrene relative to the 

quintet and radical side-products.  Second, the remaining side-products can be almost 

completely eliminated by thermal annealing.  Third, the triplet nitrene has a lifetime of 

about 20 days, even at room temperature in open air.  Evidence presented in this paper 

suggests that the remarkable stability of this nitrene, even at room temperature in the open 

air, results from the 4F4ABC crystal’s different packing that allows it to trap N2 molecules 

to form an effective inert gas matrix for the nitrene, as well as prevent penetration of 

reactive molecules like O2.  The high chemical stability of these solid samples provides the 

opportunity to characterize their photoreactivity and spectroscopy.  This advance also 
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suggests that metastable nitrenes could form the basis of new materials with potential 

applications in spintronics and information science.  Finally, it is possible that the insights 

gained from crystal studies could guide the design of supramolecular containers that 

support long-lived nitrenes for use as spin sensors in complex environments.   

 

5.6 Supporting Information 
 

 

 
 

Figure S5.11: A photo of 4ABC (right) and 4F4ABC (left) after exposure to 365 nm 

light.  4ABC is orange while 4F4ABC is blue.   
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Figure S5.12: A photo of 4F4ABC dissolving in acetone.  Small and large bubbles can be 

seen evolving from the sample.  The dissolving portions are turning brown as the nitrene 

is reacting.   
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Figure S5.13: A) Mass spectrum of unreacted 4ABC.  162 corresponds to 4ABC.  B) The 

365nm exposed mass spectrum of 4ABC.  The largest peak gains 4 amu which corresponds 

to a loss of N2 and a gain of O2.  166 corresponds to 4-nitrobenzoic acid.   
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Figure S5.14: The absorbance of UV reacted 4ABC in methanol.   

 

 

 
Figure S5.15: A) 4F4ABC in the cryostat in a methyl THF glass showing its distinctive 

purple color.  B) 4ABC showing its yellow color.  As the compounds react, they will turn 

to an orange-brown color.   
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Figure S5.16: The triplet EPR signal of 4F4ABC in an ethanol glass at 100 K.  The nitrene 

slowly reacted over the course of five minutes until the signal was gone.  
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Benchmark of the excitation energies for the azides 4ABC and 4F4ABC 

 

 4ABC 4F4ABC 

Functional/Basis set 6-

31+G(d,p) 

6-

311+G(d,p) 

6-31G+(d,p) 6-

311+G(d,p) 

B3LYP 4.65 4.63 4.69 4.67 

CAM-B3LYP 4.87 4.85 4.97 4.95 

LC-wHPBE 5.04 5.01 5.06 5.11 

M06-HF 5.04 5.02 5.19 5.18 

wB97X-D 4.91 4.89 5.00 4.98 

 

Table S5:2. Singlet-singlet vertical excitation energies (in eV) corresponding to the the 

HOMO --> LUMO transition for 4ABC and 4F4ABC azides computed within the (linear-

response) TDDFT using the exchange-correlation functionals: B3LYP, CAM-B3LYP, LC-

wHPBE, M06-HF and wB97X-D, and the basis sets 6-31+G(d,p) and 6-311+G(d,p). All 

the excitation energies were computed for the structures of the singlet ground state of the 

azides 4ABC and 4F4ABC optimized in vacuum in the frame of DFT in combination with 

the (unrestricted) B3LYP exchange-correlation functional and the 6-31+G(d,p) basis set. 

 

Benchmark of the excitation energies for the nitrenes 4ABC and 4F4ABC 

 4ABC 4F4ABC 

Functional/Basis 

set 

6-31+G(d,p) 6-

311+G(d,p) 

6-31G+(d,p) 6-

311+G(d,p) 

B3LYP 2.94 2.93 2.40 2.39 

CAM-B3LYP 3.26 3.25 2.77 2.76 

LC-wHPBE 3.62 3.60 3.11 3.08 

M06-HF 3.50 3.50 3.12 3.14  

wB97X-D 3.24 3.23 2.74 2.73 

 

Table S5:3: Lowest triplet-triplet vertical excitation energies (in eV) for 4ABC and 

4F4ABC nitrenes computed within the (linear-response) TDDFT using the exchange-

correlation functionals: B3LYP, CAM-B3LYP, LC-wHPBE, M06-HF and wB97X-D, and 

the basis sets 6-31+G(d,p) and 6-311+G(d,p). All excitation energies were computed for 

structures of the triplet ground state of the nitrenes 4ABC and 4F4ABC optimized in 

vacuum in the frame of DFT in combination with the (unrestricted) B3LYP exchange-

correlation functional and the 6-31+G(d,p) basis set. 
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5.6.1 Reaction kinetics 

One major advantage of the 4F4ABC crystal is its ability to suppress the production 

of spin-active side-products.  If they are directly produced by photoexcitation of the azide, 

in parallel with nitrene production, then their presence is unavoidable.  For example, azide 

absorption events can release excess energy into its surroundings, driving motions that 

enable additional nitrene or radical production.  On the other hand, these side-products 

could also be created by later nitrene photoexcitation events.  In this case, it may be possible 

to control their production by adjusting the excitation wavelength and/or intensity.  We 

tested both scenarios by fitting the time-dependent growth of the three EPR lineshapes at 

2.5, 3.2 and 6.7 kG using kinetic models that reflect these two different sets of assumptions.  

Model 1 posits parallel creation of all three species by direct azide absorption and leads to 

the following set of rate equations: 

𝑁𝑂 = 𝑁𝐴 + 𝑁𝑇 + 𝑁𝑄 + 𝑁𝑅                          (1a) 

𝑑𝑁𝑇

𝑑𝑡
= 𝜎𝐴𝐼𝜑𝑇(N𝑂 − N𝑇 − N𝑄 − N𝑅)            (1b) 

𝑑𝑁𝑄

𝑑𝑡
= 𝜎𝐴𝐼𝜑𝑄(N𝑂 − N𝑇 − N𝑄 − N𝑅)            (1c) 

𝑑𝑁𝑅

𝑑𝑡
= 𝜎𝐴𝐼𝜑𝑅(N𝑂 − N𝑇 − N𝑄 − N𝑅)           (1d) 

where NA is the population of the ground state azide molecules, and NT, NR and NQ are the 

populations of the triplet, radical and quintet species, respectively.  N0 is the total 

population of azide molecules before irradiation.  A is the absorption cross section of the 
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azide, I is the light intensity, and T, R, and Q are the quantum yields for the formation 

of the three EPR-active species.  In Equations (1), the T/Q/R species are produced 

independent of each other, except for the fact that they all come from the same ground state 

azide population NA.  For Model 2, we assume that the nitrene is the only species produced 

by azide absorption, and that subsequent absorption by the nitrene photoproduct itself is 

needed to generate the quintet and radical species.  This model leads to a second set of rate 

equations:  

 
𝑑𝑁𝑇

𝑑𝑡
= 𝜎𝐴𝐼𝜑𝑇N𝐴 − 𝜎𝑇𝐼(𝜑𝑅 + 𝜑𝑄)𝑁𝑇 (2a) 

 
𝑑𝑁𝑄

𝑑𝑡
= 𝜎𝑇𝐼𝜑𝑄𝑁𝑇 (2b) 

 
𝑑𝑁𝑅

𝑑𝑡
= 𝜎𝑇𝐼𝜑𝑅𝑁𝑇 (2c) 

where T is the absorption cross section of nitrene its triplet ground state. Both models can 

be solved numerically, and details of the fitting process are provided in the Supporting 

Information.  The parameters summarized in Table S1 were found to yield the best fits to 

the data.  In Figure S5.17 we overlay the data with the fit results using Model 1, and in 

Figure 5.17b the data are overlaid with fits using Model 2.  The kinetic data, particularly 

the shape of the increasing signals at early times, are much better reproduced by Model 2.  

This suggests that the quintet and radical side products are mainly generated by 

photoexcitation of nitrenes produced by an earlier photolysis of the azides.   
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Figure S5.17: The kinetic modeling overlaid with the data from 4F4ABC.  Blue is the 

triplet, orange is the quintet, and green is the biradical.  A) and B) are the result of Model 

1, with the left vertical axis scaled to better show the quintet and radical growth.  C) and 

D) are the result of Model 2. 

  



 170 

 

 

φ
T
 φ

Q
 φ

R
 σ

A
I σ

T
I 

Method 1 1.5 .25 .1 .25 N/A 

Method 2 .659 .2 .05 .2 .2 

Table S5:4: The values of the best fits from the differential equation models.   
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Chapter 6 : Conclusions and Future Work  
 

In this dissertation we studied ways to optimize various photomechanical systems.  

By looking at ways to optimize existing systems more useful properties can be obtained.  

Three separate systems were observed.  By using a better polymer matrix, we were able to 

create a reversible photochromic adhesive using spiropyran and zeonex.  The addition of 

fluorines to 9AC greatly altered the back reaction rate of the molecules.  Finally, 

fluorination of 4ABC led to a more stable nitrene radical through a tighter crystal structure.   

6.1 Improving Reversible Adhesion 
 

 The SP ZX system is novel due to its reversibility.  The system has very weak 

adhesion though, comparable to that of a sticky note.  The requirement of special substrates 

limits the systems usefulness in real world applications.  There are many potential ways 

that a photoreactive system could be used to strong adhesion.  Mechanical adhesion, such 

as a screw or bolt, is typically the strongest type of adhesion as it requires a material failure 

to detach.  There are three different designs that could be used to create photoreversible 

mechanical adhesion.  The first is a photoreactive screw.  The threads of the screw, when 

exposed to light, are blown off allowing the rest of the screw to be easily removed as seen 

in Figure 6.1.  Light could be applied externally or through an optical window in the screw 

leading to the photoreactive areas.  A molecule such as (E)-4-fluorocinnamaldehyde 

malononitrile ((E)-4FCM) would be a prime candidate for this screw design due to its 

photosalient nature1.   
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Figure 6.1: A potential design for a photoreactive explosive screw.  When exposed to light 

the threads are blown off allowing the rest of the screw to be easily removed.  Light could 

be applied externally or through an optical window in the screw leading to the 

photoreactive areas.   

A second form of mechanical adhesion would be a light induced phase change 

material.  Two rows of overlapping teeth can be placed together with a phase change 

material gluing the two surfaces together.  The phase change material is doped with a 

molecule or nanoparticle that heats up when exposed to light.  The resulting heat melts 

the phase change material and allows the surfaces to be separated.  An example of this 

can be seen in Figure 6.2.   

 
Figure 6.2: Another method of generating reversible adhesion using light.  In this case a 

phase change material would be doped with a molecule or nanoparticle to generate heat.   
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 A third form of photoreversible mechanical adhesion would be to generate 

photoreversible velcro, or hook and loop fasteners.  In this scenario a series of static loops, 

most likely from a polymer, would be attached to one side of the device.  The second side 

would have a p-type photomechanical form of hooks that bend when exposed to light.  

When adhesion is needed the two sides are pressed together and light is used to make the 

photomechanical hooks go from straight to curled.  These small hooks will catch the loops 

and create the adhesive force.  When the adhesion is no longer needed a second wavelength 

of light is used to bend the photomechanical hooks back to the straight direction allow the 

two surfaces to be separated.  Figure 6.3 shows the deadhesion process for the hook and 

loop design.   

 
Figure 6.3: Photoreversible Velcro could be made using p type photomechanical materials.  

The red hooks are the photomechanical portion of the design.   

6.2 The Future of Fluorinated 9AC Compounds 
 

Further fluorination of 9AC will prove difficult due to the complexities of further 

selectively fluorinating 9AC.  Additional characterization is needed for 4,5diF-9AC as our 
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detection method was not able to deliver reliable data on the recovery time of that molecule.  

The recovery of 9AC compounds also showed extreme temperature dependence in the 

initial data that was taken.  The data was taken over a very small range though.  A larger 

temperature range and more sensitive equipment will be beneficial in better understanding 

this crystalline system.  Using a cryostat to obtain low temperature data could also pinpoint 

the activation energy required to back react.  Finally, a martensitic phase transition was 

also observed in some 9AC molecules.  This phase transition should be studied further.  

Studying this phenomenon will give more insight into kinetics inside the crystal.  Currently 

many kinetic models exist but none can accurately describe the kinetic situation that is 

observed.   

 

6.3 Enhancing Crystalline Nitrene Stability and Applying the System to 

Quantum Computing 
 

The generation of room temperature stable nitrenes will not only allow for these 

usually unstable molecules to be studied but also allows their use in real world applications.  

The first step is to measure the coherence times of these molecules and determine whether 

Rabi oscillations can be observed.  Ideally coherence times will be in the hundreds of 

microseconds time scale to be useful for quantum computing.  The nitrene crystal structure 

has very large concentrations of unpaired electrons by each other.  This will likely preclude 

its use in most quantum information systems, though it could be used as a quantum shift 

register.  Spacing out the radical nitrenes will allow single radical centers to be individually 

addressed and likely increase coherence times.  We plan on using a cocrystal to stabilize 

the nitrenes.  In an ideal scenario we will be able to remove atoms with a spin to reduce the 
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hyperfine interaction as well.  Fluorescence lifetimes will need to be measured to ensure 

that the qubit information can be read out.  The ability to have a stable, room temperature 

nitrene that can fluoresce will allow for these cocrystals to be used in quantum information 

systems.   

 

6.4 Conclusion 
 

We have looked at three photoreactive stimulus response systems and optimized a 

variety of factors to create a system with more desirable qualities.  The ultimate goal is to 

have a high degree of control over our photomechanical systems.  Ideally, we will have a 

toolbox of optimization techniques which can alter the system’s properties to given 

specifications.  Control over the molecule, the matrix it is in, and the crystal structure all 

play an important role in achieving this.  The quest for high levels of fidelity over 

photomechanical systems is just beginning.  These light driven stimulus response systems 

can bring weight savings, increased efficiency, and unique properties that a conventional 

chemical system cannot.   
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