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“Mathematics began to seem too much like puzzle solving.  Physics is puzzle solving too, 

but of puzzles created by nature, not by the mind of man.” 

Maria Goeppert-Mayer



ii 

 

 

 

Acknowledgements 

 

Many people have contributed to the successes that I have achieved, not only through 

graduate school, but throughout my life up to this point.  Their contributions to my 

journey need to be acknowledged. 

Foremost, I want to convey my deepest gratitude to Professor David Blank for putting his 

trust in me and having the patience to enthusiastically guide me through this journey.  

Throughout my tenure in the Blank Research Lab, your mentorship and encouragement 

for me to push my boundaries outside of what I thought possible has led me to not only 

be a better scientist, but a better mentor, leader, and person.  Thank you deeply. 

Thank you to the members of the Blank Research Lab:  To Dr. Andy Healy for always 

lending a hand to solve problems big and small and to be a role model that everyone 

looks up to.  To Meghan Knudtzon and Rachel Swedin for training me and providing 

support to me on all our instruments.  You ensured that I got off to a great start.  To Jacob 

Schaffner, Hridya Premnathan, Mik Patel, Katie Huber, and the undergrads for putting up 

with me and always sharing a good conversation and a good laugh.  Special thanks to 

Reid Anderson for his early work in getting the calculations to work. 

I would like to thank my friends, too numerous to name, for supporting me.  Your 

friendship, food, and company were a comfort during stressful times. 

To my other mentors, Scott Hetherington, Dr. Krystel Kizer, and Dr. John Hershberger 

for fostering my love of chemistry and setting me down the path that I’m still on. 

Lastly, thank you to my loved ones: Celina Harris, my kind and caring partner.  To my 

parents, brother, and sister, for making all of this possible.  I hope I have made you 

proud.  I cannot thank you all enough.  



iii 

 

 

 

Abstract 

 

The ability to selectively deliver bioactive molecules with high spatial and temporal 

resolution has applications in many areas of chemical biology and drug delivery.  Using 

photocages, drugs can be selectively released within specific areas of tissue.  When 

chemically bound, these groups deactivate the drug’s biological activity.  Light of a 

sufficient energy can then be used to break the bond linking the drug to the cage.  

Photocages typically require the energy of one UV photon to dissociate, but UV photons 

have low penetration depth and can damage tissue.  Two-photon absorption (2PA) can be 

used to break the bond using the energy of two NIR photons.  There is, however, a lack 

of understanding of the design principles for producing photocages that have both high 

2PA cross sections and high uncaging efficiencies.  The purpose of this research was to 

study the structure of a photocage affects the dynamics of two-photon absorption and 

two-photon induced dissociation in a series of dibenzofuran based photocages. 

The first two sections of this dissertation investigate the effect that structural modification 

of the photocage and choice of leaving group have on the photophysical properties of the 

NDBF system.  Extending the conjugation or adding electron-donating groups to NDBF 

can increase the 2PA cross section and dissociation rate.  The leaving group choice 

strongly influences the dissociation rate, but affects the 2PA cross section much less. 

The third section investigates the dynamics of dissociation and to what extent they 

influence the overall dissociation rate.  It was found that the amount of photocages that 

initially dissociate does not correlate with overall dissociation rate. 

Lastly, computational methods were used to investigate potential molecular structures 

that can be used as more efficient photocages.  It was determined that NDBF dimers 

exhibit greatly enhanced 2PA cross sections and should be pursued synthetically.  
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Chapter 1 

Introduction 

 

The ability to deliver bioactive molecules to specific areas of a cell or other biological 

sample with high spatial and temporal resolution is important to many areas of science 

and medicine.  For example, the timed delivery of fluorescent probes and tags within a 

cell allows for the visualization of various cellular structures and processes.
1
  Of equal 

importance is the ability to selectively deliver a drug molecule to specific areas of a tissue 

sample, leaving other areas of the tissue unaffected by the drug.  Photoremoveable 

protecting groups (PPGs), or photocages, can be used for these applications, using light 

as a trigger (Figure 1.1). 

 

Figure 1.1:  General reaction diagram of a photocage-drug conjugate with light. 

This work seeks to understand the underlying principles that govern the relationship 

between a photocage’s structure and its ability to be effectively used in the 

aforementioned applications with the goal of designing photocages that are more efficient 



2 

 

at delivering bioactive molecules where they are needed.  Currently, there is limited 

knowledge of the relationship between the structure of a photocage and its two-photon 

absorption (2PA) and dissociation properties.  This thesis focuses on studying the 

structure/property relationship of a model set of photocages based on nitrodibenzofuran 

(NDBF) in order to better understand how to design more efficient photocages for 

biological use.  Changes in the structure of the cage and identity of the leaving group are 

correlated with changes in absorption and dissociation.  Currently, it is also unknown if 

the dissociation rates and recombination rates of these photocages differ.  It is equally 

important to be able to predict the absorption properties of photocages before they are 

synthesized.  Trial and error via synthetic chemistry is both time and resource intensive.  

The potential to bias that work towards more promising targets could significantly speed 

up development of photocages that exhibit more advantageous absorption properties.  

The question of whether standard computational methods can be used to accurately 

predict the absorption properties of photocages is investigated. 

 

1.1 – TARGETED DRUG DELIVERY 

Targeted drug delivery is a method for delivering bioactive molecules to specific areas 

within a sample.  The goal is to increase the concentration of an active drug in an area of 

the sample while having a low concentration of the active drug everywhere else.  

Isolating the dose to a localized area minimizes adverse effects everywhere else.
2,3

  Using 

targeted drug delivery, diseases such as cancer and heart disease can be more effectively 

treated with reduced side effects.
4,5
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The targeted delivery of drugs can be accomplished in several ways, one of them being 

through the use of drug delivery vehicles.  Three of the main classifications of delivery 

vehicles currently discussed in the literature are liposomes, polymer-drug conjugates, and 

photocages, each of which has different properties, uses, advantages, and disadvantages.  

With each class, the bioactive molecules are attached to the vehicle by a chemical bond 

or are physically encapsulated.  The vehicles then release their payload in response to 

different chemical or physical stimuli. 

 

Figure 1.2:  A hydrophilic drug encapsulated in the inner core of a liposome. A 

lipophilic drug is encapsulated in the lipid bilayer.  (Reproduced from Monteiro et al.)
6
 

Liposome delivery vehicles work by encapsulating a drug payload within the cavity of a 

liposome.  Lipophilic payloads are incorporated into the phospholipid shell and 

hydrophyllic payloads are encapsulated within the liposome’s aqueous center as shown in 

Figure 1.2.
7
  Liposomes are known to be biocompatible and nontoxic.

8–10
  Different 
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ligands and polymers, such as polyethylene glycol, can be attached to the surface of the 

liposome to increase its circulation time within a body, protect it against immune 

destruction, and help the liposome to interact with targeted cells by attaching to cell 

specific receptors.
6,7,9

  The liposome then either fuses with a cell’s lipid membrane or an 

instability is introduced in its structure causing it to liberate its payload, which is then 

absorbed by the cell.  This instability can be caused by changes in pH, temperature, 

magnetic fields, or even light in some circumstances.
9,11

  Some downsides of using 

liposomes for drug delivery are their high manufacturing cost, low shelf stability, and the 

need to be produced in a specialized environment.
12

 

Polymers have also been studied for use in targeted drug delivery.  Unlike liposomes 

which physically encapsulate the drug, water soluble polymer chains can be chemically 

attached to many drug molecules at once through biodegradable linkers.
2
  Once in the 

body, targeting ligands on the polymer facilitate localization of the polymer-drug 

conjugate in the targeted site.  The drug is then liberated through degradation of the 

linker.  Linkers can be designed to be degraded in a variety of ways including, but not 

limited to, pH and temperature changes, interaction with enzymes, and through reduction 

pathways.
13

  Many polymer-drug conjugates are already on the market in the form of 

chemotherapy drugs.
14

  Polymer delivery vehicles deliver drugs in a well controlled and 

efficient manner, can deliver highly lipophilic drugs, and their physical and chemical 

properties are highly tunable.  One potential disadvantage however, is that there have 

been reports that the polymers have been observed to be potentially toxic to cells.
15

 

Photocages are another promising delivery vehicle for targeted drug delivery as they offer 

a way to control the release of drugs in a very small area. Like polymer-drug conjugates, 
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drug molecules are chemically bound to the photocage.
16

  Unlike polymers however, 

which are larger and can bond to more than one drug molecule, photocages are typically 

smaller and bind to only one drug molecule.  After introduction into the tissue and 

allowing the photocage to accumulate, the target area for delivery is then irradiated with 

light and the drug is released from the photocage in its active form.
17

  Due to the drug 

being inert when attached to the PPG, only the area irradiated with light will initially 

contain the active drug.  This allows for efficient buildup of the drug at high 

concentration in the target location and low concentration of the active drug in non-

irradiated areas, reducing side effects.  Many different photocage motifs have been 

published; each exhibiting different absorption and dissociation properties. 

Similar to the other delivery vehicles, photocages require a trigger to release their 

payload.  Unlike liposomes and polymers, which can liberate their payloads via 

temperature and pH changes, magnetic fields, etc., photocages are designed to liberate 

their payload only in response to light, which reduces the chances of the payload being 

released in unintended locations.  One advantage of using photocages for drug delivery is 

that they offer very high spatial and temporal resolution of delivery because the light can 

be focused to a very small volume.  Photocages are also typically less chemically 

complex than liposomes or polymers, a benefit when investigating structure/property 

relationships. 

 

1.2 – PHOTOCAGES 

The first photoremoveable protecting groups were reported in the 1960s and 1970s. Their 

first uses were for protecting and deprotecting products during chemical synthesis.
18–22

  



6 

 

Photocages being applied to biology came soon after with Engels and Schlaeger releasing 

cyclic adenosine monophosphate to activate enzymes.
23

  This was closely followed by 

Kaplan with the timed release of adenosine triphosphate to activate sodium/potassium 

pumps in cells.
24

  Today, photocages are heavily studied in medical and biology labs 

where they are used as a delivery vehicle for various biosensors,
25,26

 fluorescent dyes,
27,28

 

and bioactive molecules.
29,30

  Attaching a fluorescent dye, which only fluoresces when 

unbound, to a photocage allows for the imaging of cells and cellular structures with high 

spatial and temporal resolution.  This ensures only areas of interest within a cell and not 

the cell as a whole are imaged.
31,32

  Several biomolecular sensors have also been bonded 

to photocages and they have aided in the imaging of cells and DNA.
1,26

  In medicine and 

medical research, photocages are used in the delivery of drugs and other bioactive 

molecules.  Various drugs and prodrugs,
29,33–36

 proteins
37,38

 and peptides,
39–43

 calcium and 

iron chelators,
44–50

 RNA and DNA,
51–59

 nitric oxide,
60–62

 and neurotransmitters
63–68

 have 

all been caged with PPGs and uncaged using light, often within biological samples.  

Because of the ability of photocages to deliver this vast array of payloads, they are a 

valuable tool in biochemical and medicinal research. 

Figure 1.3 shows several of the more commonly used photocage structural frameworks.  

Many early photocages were based on an o-nitrobenzyl (o-NB) and o-nitroanilide 

framework.
69–74

  These photocage motifs have historically been the ones most commonly 

used as their structure can be readily modified synthetically and they are known to be 

strong absorbers in the ultraviolet (UV) region.
71

  Over time, photocages with higher 

absorption cross sections and red-shifted absorption maxima have been sought.  One such 

group of photocages is based on a coumarin backbone and was discovered by Givens and 



7 

 

Matuszewski.
33,66,75–77

  More recently, green and red light absorbing photocages with 

large one photon absorption cross sections have been synthesized such as BODIPY 

photocages which have even been reported to absorb light in the infrared (IR) region.
78–80

 

 

Figure 1.3:  Structures for a few widely used PPGs.  X indicates the position of the 

leaving group. 

The structure of the photocage and how the leaving group is bonded to the photocage 

both play a large role in determining the photocage’s spectral and dissociative properties.  

A wide variety of leaving groups have been reported to be successfully bound and 

released by cages of these types.  Coumarin cages are typically bound through carbon-

oxygen bonds.
81–83

  Boron dipyromethene (BODIPY) typically bonds to leaving groups 

through a carbon-oxygen bond, but has been reported to bond using carbon-nitrogen and 

carbon-sulfur bonds as well.
84

  The o-nitrobenzyl and o-nitroanilide cages have been 

extensively studied and they are known to bind through carbon-oxygen, carbon-nitrogen, 

and carbon-sulfur bonds to their leaving groups. 

In 1982, a set of guiding design principles for photocages was developed by Lester et al. 

and are now commonly referred to as “Lester’s Rules”.
85

  Summarizing this work: 
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1. For use in a biological system, a photocage must be soluble in aqueous 

solutions of moderately high ionic strength. 

2. The photo-induced reaction must succeed within the biological system and 

not just in solution. 

3. The photo-induced reaction should take place instantaneously with respect 

to the time scale of the physiological phenomenon being studied and 

should not create active reactive byproducts or intermediates. 

4. The products of the reaction should be thermally stable in the biological 

system on the same time scale of the irradiation so as to produce a ‘jump’ 

in concentration of the active molecules. 

5. Irradiation wavelengths longer than those which would damage tissues 

should be used to initiate the reaction.  Reactions which use lower energy 

light than UV are favored. 

6. The efficiency of the reaction should be high enough so as to not require 

very powerful sources of light.  Collimated pulsed lasers and non-coherent 

light sources are preferable. 

7. Both the precursor and photoproduct(s) should have simple, well 

characterized equilibrium effects on the biological system and there 

should be no interactions with proteins or membranes. 

In summary, high concentrations of a photocage-payload conjugate in an aqueous 

solution should be used in conjunction with 400 nm light or longer.  This 

conjugate should have a high dissociation quantum yield, the photo-induced 
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reaction should happen fast within the biological system, and the conjugate should 

dissociate into products which are not phototoxic to cells. 

 

Figure 1.4:  Rearrangement of an o-NB photocage after absorption of light.  Reproduced 

from Klan et. al.
16

 

 

Figure 1.5:  Photocyclization of a benzoin based photocage.  X indicates the position of 

the leaving group. 

Care must be taken during the design of photocages so that any products made after 

photolysis do not damage biological systems nor compete with the photocage-payload 

conjugate by absorbing the same wavelength of light.  Release of the leaving group is not 

the only thing that can happen after a photocage absorbs light.  Following release, some 

PPGs will undergo structural rearrangement.  The o-NB groups for example have been 

shown to follow the rearrangement as shown in Figure 1.4 where the oxygen of the nitro 

group is moved to the site of the leaving group and forms a ketone or aldehyde.
86

  

Benzoin photocages can undergo photocyclization as shown in Figure 1.5.
87

  BODIPY 
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compounds, which are typically designed to be used in alcohol solvents, replace the 

leaving group with the alcohol, bonded through the oxygen.
78

  Coumarin photocages also 

exhibit nucleophilic substitution when a nucleophile is present in solution, much like 

BODIPY cages.
16

  With the proper design of photocagse and the proper leaving group 

motif, successful release of the leaving group can be readily achieved with minimal 

negative effect to the system. 

 

1.3 – TWO-PHOTON ABSORPTION AND TWO-PHOTON INDUCED 

DISSOCIATION 

Most of the commonly used and studied photocages typically bond to leaving groups 

through carbon to carbon single bonds, carbon to oxygen single bonds, carbon to nitrogen 

single bonds, and less commonly, through carbon to sulfur single bonds.  These systems 

typically require the energy of one blue or UV photon in order to dissociate.  Recently 

there have been photocages reported which undergo dissociation at longer wavelengths 

approaching the red and near-IR regions.
79,88,89

  These systems include similar bonding 

motifs with their leaving groups, but also exhibit a high degree of conjugation in the 

cage.  While these can be dissociated at longer wavelengths, they typically have 

challenges with aqueous solubility and uncaging efficiency, especially when bonded 

through carbon-sulfur bonds.
84

  The requirement of the high energy photons needed for 

the dissociation of many photocages presents significant drawbacks when PPGs are used 

to deliver drugs within a biological setting.  Blue and UV light are limited by small tissue 

penetration depths (Figure 1.6).
90–92

  UV light also has the potential to initiate 

photochemistry within the tissue itself and has been known to damage compounds found 
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in tissue, such as DNA.
93,94

  One of the ways around these problems, is to excite the high 

energy transition using two lower energy photons (red or IR) instead of one higher energy 

photon, a process known as two-photon absorption. 

 

Figure 1.6:  Attenuation spectra of blood and biological tissue components.  

(Reproduced from Smith et al.)
92

 

 

Figure 1.7:  Diagram of 1PA and degenerate 2PA occurring between a ground (G) and 

an excited state (E) passing through a virtual state (n). 
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The theoretical basis of the two-photon absorption was first introduced by Maria 

Goeppert-Mayer in 1931
95
, but the first experimental observations of 2PA didn’t occur 

until three decades later when high intensity light sources became available.
96

  In 2PA, 

both photons are simultaneously absorbed and the system is brought from the ground 

state to an excited state via a short lived intermediary state.  A schematic of the difference 

between one-photon absorption (1PA) and 2PA is presented in Figure 1.7.  In 2PA the 

energies of each photon can be the same (degenerate 2PA) or they can be different 

(nondegenerate 2PA). 

The selection rules for 1PA and 2PA are different.  For example, in centrosymmetric 

molecules, 1PA transitions are only allowed between states of the opposite inversion 

symmetry (gerade  ungerade or vice versa).  2PA transitions are only allowed between 

states of the same inversion symmetry (gerade  gerade or ungerade  ungerade).
97

  For 

noncentrosymmetric molecules, there is no such exclusivity between 1PA and 2PA 

allowed transitions.  A one-photon transition may occur between two states and a two-

photon transition can happen between those two states as well.  The relative absorption 

intensity, or cross section, for each state may be different, however.  It is for this reason 

that 1PA and 2PA spectra may look different, as the probability to excite to higher lying 

states is governed by different selection rules.   

The two-photon absorption cross sections for most molecules are about 30 orders of 

magnitude lower than their one-photon absorption cross sections.
98–100

  This is reflected 

by the common unit for 2PA cross section, 10
-50 

cm
4 

s molecule
-1

 photon
-1

, or the 

Goeppert-Mayer (GM).  The rate at which two-photon absorption occurs,     , is 

proportional to the square of the total incident light intensity, I:         .  So, as the 
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intensity increases, the rate of two-photon absorption increases quadratically.  With high 

powered, ultrafast lasers, high enough intensities can be reached to allow for the 

measurement of 2PA. 

Another benefit gained by using two-photon absorption is that it is possible to get three-

dimensional control over the interaction volume.  The interaction volume is the volume in 

which 2PA occurs within a sample due to a single tightly focused laser beam or two 

spatially overlapped laser beams.  At the focal point of a laser beam or at the crossing of 

two laser beams, intensity is much higher than at other areas along the beam(s).  Due to 

the quadratic dependence of 2PA on the intensity of incident light, 2PA is amplified at 

this crossing or focal point compared with along the rest of the laser beams.  Thus, 2PA is 

tightly confined to near the laser focus in all three dimensions.  This interaction volume 

can be very small, even femtoliter in size.
46

  Because 2PA primarily happens within the 

interaction volume, absorption and dissociation can be spatially controlled in three 

dimensions by translating the focal point or crossing of the light in the sample.
101

  This is 

advantageous in many situations, especially when using two-photon absorption to probe 

biological systems.  An application utilizing this three dimensional control with 2PA is 

two-photon fluorescence microscopy (2PFM).
102–105

 2PFM is an imaging technique 

which uses 2PA to excite a fluorophore in a very small interaction volume.  Since the two 

lower energy photons are nonresonant with the sample they are not individually 

absorbed, but they can be simultaneously absorbed within the interaction volume.  The 

interaction volume can then be moved throughout a sample, the resulting fluorescence 

detected, and the three dimensional location of the fluorescent tag/probe can be mapped 

throughout the sample. 
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1.4 – MEASURING TWO-PHOTON ABSORPTION 

The low probability of 2PA occurring makes measuring it very difficult compared to the 

routine measurement of a 1PA spectrum.  If the light intensity used is too low, then 2PA 

will not be observed, but if it is too high, higher order multi-photon absorption, 

scattering, and sample damage can occur, all of which will interfere with the 

measurement of 2PA spectra.  Here we consider the most commonly used methods to 

measure 2PA and compare them to the approach used in this thesis.  Three different 

methods have been reported for measuring two-photon absorption cross sections: z-

scan
106–109

, two-photon fluorescence
48,100,103,110–113

, and broadband two-photon 

absorption.
114–120

 

The Z-scan technique uses one laser beam and a lens that focuses the light.
107,109,121

  The 

sample is placed on a translation stage which is set to move the sample along the z-axis, 

along the path of the beam.  The fraction of light transmitted through the sample is 

determined by measuring the integrated light intensity before and after the sample.  Due 

to the beam being focused, the intensity of the light at different z-axis positions is 

different.  By measuring the attenuation of light as a function of the sample position 

along the z-axis, the two-photon cross section can be determined.  Z-scan measures 

degenerate 2PA and the cross section at only one wavelength is measured at a time.  A 

full spectrum can be measured by iteratively stepping the wavelength of the incident light 

and repeating the measurement. 

Two-photon excited fluorescence (2PEF) is another common method for measuring the 

2PA spectrum of a compound.
100,112,122

  In this method, two photons are absorbed by a 
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fluorescent molecule.  The resulting fluorescence, rather than attenuation of the incident 

beam, is detected.  Like z-scan, 2PEF is typically implemented in a degenerate 

configuration and only one wavelength is measured at a time.  In order to collect the 2PA 

spectrum over a range of wavelengths, 2PA measurements are individually collected and 

assembled into a spectrum.  The requirement that the system is fluorescent excludes 

compounds that relax rapidly via non-radiative pathways.  Particularly relevant to this 

thesis, this includes compounds that primarily relax via bond cleavage. 

A more recently developed method is based on measuring a nondegenerate 2PA cross 

section over a broad range of wavelengths simultaneously.
99,116

  With this method, the 

output of a pulsed laser is split into two separate beams, crossed, and focused into the 

sample.  The two pulses are configured so that one has a smaller bandwidth (around 20 

nm), but is more intense and the other has a larger bandwidth (hundreds of nanometers) 

and is less intense by around three orders of magnitude.  When the two beams are 

spatially and temporally overlapped within the sample, one photon from the small 

bandwidth beam and one from the larger bandwidth beam are simultaneously absorbed.  

The light in the larger bandwidth pulse is dispersed into its component wavelengths and 

each wavelength is simultaneously detected.  When the beams are overlapped, 

attenuation of the light from the large bandwidth pulse indicates 2PA if the attenuation is 

linearly dependent on the power of the short bandwidth pulse and linearly dependent on 

the power of the large bandwidth pulse, leaving it quadratically dependent overall.  Using 

this method, a broadband spectrum covering ~1 eV can be measured.  This was the 

chosen method used to measure 2PA cross sections throughout this thesis because a 

broadband spectrum can be collected over a short period of time and the simultaneous 
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measurement of all wavelengths increases confidence in the relative 2PA cross section at 

different wavelengths. 

 

1.5 – DISSERTATION OVERVIEW 

The relationship between the structure of two-photon chromophores and their 

spectroscopic properties has been studied since the first experimental example of 2PA 

was reported.
96

  One structural motif that has been discovered to enhance a molecule’s 

ability to absorb two photons is a combination of electron donor (D) and acceptor groups 

(A) with a conjugated π system linking them; D – π – D, D – π – A, or A – π – A.
123

  It 

has been found that the electron donating and accepting strength of these groups 

influences the two-photon cross sections.
124,125

  The spatial extent of conjugation within 

the chromophore has an impact on the cross section, with longer conjugation in a 

molecule leading to the stronger two-photon absorption.
126

 

Few studies have been published on correlating the structure of the photocage with its 

dissociation properties.  The dynamics of dissociation, the fraction of leaving groups that 

initially dissociate after light is absorbed and the fraction of leaving groups that 

geminately recombine with the photocage after dissociation both influence the overall 

dissociation rate of photocages.  The extent to which both of these quantities 

independently affect the total dissociation rate is not well known.  By understanding how 

changes in structure affect the dissociation dynamics as well as the absorption cross 

section, photocages can be designed that exhibit both larger cross sections and faster, 

more efficient dissociation leading to greater overall efficiency. 
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The chromophore used in this research was nitrodibenzofuran, NDBF (Figure 1.8), a 

promising new class in the o-NB family of photocages.
127

  This photocage exhibits one 

and two-photon absorption around 300-400 nm and is known to efficiently release 

leaving groups through cleavage of C-S bonds.  NDBF provides synthetic access to caged 

thiols and cystine containing proteins, something that many other photocages cannot 

do.
128

  NDBF is well suited to structural modification and exhibits different properties 

with different substituents and leaving groups attached to it.
129,130

  The effect that 

structural changes have on the 2PA cross section and dissociation properties of NDBF 

has not been thoroughly studied.  It is also not known to what extent the 2PA cross 

section and dissociation quantum yield have in determining the dissociation rate of 

NDBF.  NDBF has been the subject of a few computational studies and it has been 

reported to have strong redshifts in its 1PA and 2PA spectra with the addition of various 

substituents to the conjugated core.
129,131

  Few computational studies however, compare 

computational results to experimental data.  Many which test the accuracy of various 

computational methods do so using more complex and rigorous theoretical methods as a 

benchmark.  This thesis compares the 2PA cross sections obtained from computational 

methods to experimentally measured cross sections to better gauge the accuracy of the 

methods. 

 

Figure 1.8:  General structure for the NDBF photocage.  X denotes the site of the leaving 

group. 
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In Chapter 2 of this thesis, I describe the methods used for calculating 1PA and 2PA 

spectra and why these methods were chosen.  In Chapter 3, using a series of NDBF 

derivatives, I investigate the effect that structural modifications have on the spectroscopic 

and dissociation properties of the photocage and whether computationally efficient 

calculations can be used to predict 2PA properties.  In chapter 4, I investigate whether or 

not the choice of leaving group affects these properties and whether the leaving group 

itself can act as a chromophore.  Chapter 5 investigates the dissociation dynamics of a 

series of NDBF photocages.  Finally, chapter 6 describes using the computational 

methods tested in this thesis to explore the effects that various modifications have on the 

NDBF photocage and if increased 2PA cross sections and lower energy absorption 

maxima can be predicted to identify potential synthetic targets for future studies.  Strong 

electron donating and accpeting groups added to the backbone of the photocage, as well 

as substituting the oxygen in the central furan ring with a sulfur, nitrogen, and carbon are 

explored. 
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Chapter 2 

Calculation of 2PA Cross Sections 

 

2.1 – INTRODUCTION 

In this research, calculations were performed on many NDBF derivatives to investigate 

how accurately computationally efficient methods predict absolute 2PA cross sections.  

These calculations were also used as a guide to interpret experimental observations.  

Calculations of excitation energies and transition probabilities have long been used to 

supplement experimental results, yielding information about the nature of the transitions 

between states and helping to interpret spectroscopic observables.  This chapter describes 

how one and two-photon transitions were calculated for a variety of molecules.  A better 

understanding of the methods informs the value, limitations, and accuracy of 2PA 

computational predictions.  Methods known to accurately predict 1PA and 2PA spectra 

can be a powerful tool to inform the design of future molecules, saving time and 

resources by only pursuing molecules that are likely to be effective in photocaging 

applications. 

To date, several different methods have been reported to calculate two-photon absorption 

cross sections.  Quadratic response theory in conjunction with wavefunction based 

methods, such as coupled cluster-equation of motion, have been previously reported to 

accurately calculate transition energies and 2PA cross sections to within 10% of those 
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calculated using higher levels of theory.
132–135

  This accuracy, however, comes with the 

drawback of higher computational cost.
136

  Density functional theory (DFT) combined 

with nonlinear response theory is also used for calculating 2PA cross sections with a 

lower computational cost and greater accessibility.
137

  The accuracy of many different 

functionals and basis set combinations have been benchmarked against higher levels of 

theory and experiment.
138

  The B3LYP and CAM-B3LYP functionals have been reported 

to produce results for low lying excited states with accuracy (when compared to 

experiment) similar to that for more complex functional like M05-2X, but with less 

accuracy for higher lying excited states.
139,140

  Due to the reduction in accuracy associated 

with calculating 2PA cross sections for higher lying excited states, Salem and Brown 

have suggested using DFT only as method for determining the energies and absolute 2PA 

cross sections of the lower lying excited states.
141

  When compared to the B3LYP 

functional, CAM-B3LYP has been reported to produce more accurate results for 

calculations involving charge transfer states.
142

 

Nayyar et. al. compared calculated 2PA cross sections using the B3LYP functional, 

CAM-B3LYP functional, and several more complex functional to experimental values 

for a variety of oligophenylvinylenes.
139

  They found that the M05 functional and B3LYP 

functional outperformed the other functionals when compared to experiment.  The other 

functionals, including CAM-B3LYP, predicted energies higher than what was 

experimentally measured by almost 1 eV in some cases. These predictions also had 

greater error in absolute 2PA cross sections than B3LYP.  Due to the B3LYP functional 

predicting more accurate excitation energies and cross sections when compared to other 

functional, and its low computational cost, it was chosen as the functional for this work.  
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The choice of the B3LYP functional for 2PA calculations was further supported by the 

fact that the molecules studied by Nayyar
139

 and shown in Figure 1 are of a similar size 

and exhibit roughly the same degree of conjugation as the molecules studied in this work.  

The more complex functional, M05, was not chosen as it is less computationally efficient 

than B3LYP for calculating 2PA cross sections of larger molecules while offering a 

similar degree of accuracy. 

The calculations completed during this research followed previously established 

methods.
118,129,143–145

  Briefly, the ground state geometries of all molecules were 

optimized with DFT in Guassian 16
146

 using the B3LYP
147–149

 functional and the 6-

31G(d)
150,151

 basis set.  The influence of the solvent (DMSO or water in most cases) was 

modeled using an IEFPCM solvent model.
152

  The Dalton
153

 quantum chemistry program 

was used to calculate the one and two-photon transitions using the same functional and 

basis set.  To simulate spectral broadening, a 0.4 eV wide (FWHM) Gaussian function 

was convoluted over each transition. 

It should be noted that Dalton uses two different implementations of the B3LYP 

functional.  The functional, B3LYP, implemented in Dalton differs from the B3LYP 

functional as implemented in Gaussian 16.  The difference arises because the two 

programs treat electron correlation using different equations.
147,153,154

  Dalton however 

has implemented the B3LYPg functional which implements electron correlation the way 

Gaussian implements it.  This functional, however, has not been tested by the developers 

of Dalton.  Thus, a comparison of calculations using the two functional, B3LYP and 

B3LYPg is made later in this chapter. 
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2.2 – CALCULATING 1PA SPECTRA 

One-photon absorption (1PA) spectra were calculated using DFT in conjunction with 

linear response theory as implemented in Dalton to calculate the oscillator strength 

(dimensionless), f, for electronic excitations between a ground state, |g , and an excited 

state, |f  (Equation 2.1).
155,156

 

       
          

 

 
      (2.1) 

In Equation 1, ωf is the excitation energy of the g  f transition in atomic units (Hartree) 

and Dgf is defined by Equation 2.2. 

                                 (2.2) 

In Equation 2.2, μα is the α
th

 component of the transition dipole moment operator where α 

is the x, y, or z direction of the molecular frame of reference.  The molar extinction 

coefficients were calculated using the Harada-Nakanishi equation (Equation 2.3).
157–159

 

           
 

 
    

    
 

  
            (2.3) 

In Equation 2.3, N is a constant equal to 1.6198 10
4
 cm

2
 eV mol

-1
, σ is the full width at 

half of maximum, FWHM, of the Gaussian broadening function which is convoluted over 

the transition, in eV, ν is the transition energy (eV), and νi is the photon energy (eV).  The 

final unit for the molar extinction coefficient is L mol
-1

 cm
-1

. 
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2.3 – CALCULATING 2PA CROSS SECTIONS 

The two-photon cross sections were calculated using TD-DFT in the Dalton 

computational chemistry package by computing the single residue of the quadratic 

response function for each excited state.
160,161

  Dalton calculates the cross section for 

transitions to each excited state using Equation 2.4. 

         
         

         

 
                 (2.4) 

In Equation 2.4, α is the fine structure constant 0.0072973525693, a0 is the bohr radius of 

5.29177210903×10
-9

 cm, ω is the photon energy in hartree, c is the speed of light in cm/s, 

δ2PA is the transition strength in atomic units, and g(Γ) is a broadening 

function.
107,134,139,144,162

    Two-photon transition strengths for two parallel, linearly 

polarized photons and rotationally averaged over isotropic molecular orientation are 

given by Equation 2.5 in atomic units. 

          
 

  
     

  
    

  
         

  
    

  
     (2.5) 

In Equation 2.5, the g and f subscripts denote the ground state and final excited state, 

respectively, i and j represent the Cartesian coordinates,
144,163,164

 and S is the matrix 

element given by Equation 2.6.
134,137,160,165,166

 

    
  

  
 

  
  

                        

     
 

                        

     
    (2.6) 

In Equation 2.6, the variable k denotes the intermediate state of the transition.  The 

photon angular frequency and transition frequency are ω and ωgk, respectively.  Equation 

2.6 is for the degenerate case.  For the nondegenerate case, S is larger by a factor of 

2.
134,165

  2PA transition moments can be calculated by directly evaluating Equation 2.6, 
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but this is computationally inefficient due to its slow convergence.
136,167

  Due to this slow 

convergence Equation 2.6 is rarely evaluated directly and instead    
  

 and the transition 

dipole moments between g and f are evaluated from the single and double residues of the 

quadratic response function.
168

 

The lineshape function, g(Γ),  in Equation 2.4 describes the broadening of the calculated 

excitations due to lifetime broadening and collisional dynamics in solution.  Typically, a 

Lorentzian function is used when the calculations are done in the gas-phase (Equation 

2.7) where ω is the photon energy, ωgf is the excitation energy, and Γ is a broadening 

term describing the FWHM of the Lorentzian in Hartree. 

         
 

 

 

                 (2.7) 

When double the photon energy equals the transition energy (resonant transition), 

Equation 2.7 reduces to Equation 2.8. 

          
 

  
      (2.8) 

A Lorentzian is used as the broadening function for gas-phase calculations due to the 

broadening being mostly homogenous.  When condensed phase calculations are 

considered the broadening is more heterogenous and the lineshape takes the form of a 

Gaussian function, Equation 2.9. 

        
       

   
 
        

      

 
 
 

 
     (2.9) 

When the excitation frequency equals the frequency of transition, Equation 2.9 is reduced 

to Equation 2.10.
134
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                     (2.10) 

The calculations completed in this work used a Gaussian lineshape, Equations 2.9 and 

2.10. 

 

2.4 – METHOD EVALUATION 

To evaluate the effectiveness of the chosen computational methods at calculating 2PA 

cross sections, the spectra of a series of molecules were calculated and then compared to 

previously reported cross sections.  Due to the difficulty of accurately measuring 2PA 

cross sections, few reliable standards have been reported.  Of those reported, different 

techniques are oftentimes used.  For this series of compounds, some were measured using 

the z-scan technique
107,121

, some with the fluorescence based technique,
100,111,112,124

 and 

others with the broadband 2PA technique.
115,169

  This can present challenges when 

comparing 2PA spectra collected with different methods and using them as reference 

standards when more than one measurement technique is involved.  Figure 2.1 gives the 

structure of the compounds that were used in evaluating the methods used in this work.  

The compounds were chosen because their 2PA cross sections were previously 

reported.
100,107,111,112,115,124,169

  The chosen molecules were measured with a variety of 

2PA techniques including z-scan, broadband 2PA, and two-photon excited fluorescence.  

This was intentionally done to compare the computational results to a range of cross 

sections collected under different experimental conditions with different experimental 

techniques. 
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Figure 2.1:  Compounds used in evaluating the accuracy and effectiveness of the 

computational methods. 

As mentioned, the B3LYPg functional has not been fully tested in Dalton.  The 2PA 

spectra calculated using the B3LYP functional were compared to spectra calculated using 

the B3LYPg functional.  For both functionals, the calculated transition energies were 

nearly equal to one another with differences of up to 0.01 eV and the strength of the 

computed cross sections differed, on average, by less than half a percent.  It is concluded 

that for this series of molecules, the results of calculations done using the B3LYPg and 

B3LYP functional, as implemented in Dalton, result in very similar predictions. 
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2.4.1 – Comparing B3LYPg Calculated Cross Sections to Measured Cross Sections 

 

Figure 2.2:  Calculated 2PA spectra of 1-10 using the B3LYP functional.  The vertical 

bars represent the calculated transitions. 

Figure 2.2 presents the calculated 2PA spectra for this series of compounds.  The spectra 

shown in Figure 2.2 only show a 1 eV portion of the calculated 2PA spectra centered on 

the measured absorption maxima for each compound except for 8, which shows 2 eV of 

the calculated spectrum.  These regions were chosen to give a broad view of the 

calculated transitions for each compound, centered on where the compounds were 

experimentally measured to absorb.  Table 2.1 gives the calculated 2PA absorption 
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9 10 
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maxima and cross sections at the absorption maxima within the calculated window 

compared to the previously measured 2PA cross sections and absorption maxima. 

Compoun

d 

Measured 

λmax (nm) 

Measured 2PA 

Cross Section 

(GM) at λmax 

B3LYP λmax 

(nm) 

B3LYP 2PA 

Cross Section 

(GM) at λmax 

1 255 27 260 250 

2 255 84 275 580 

3 346 202 325 67 

4 350 20 362 36 

5 N/A 4.7 274 9 

6 340 350 364 1337 

7 N/A .8 365 2.5 

8 440 620 360 790 

9 280 23 262 7.1 

10 243 40 241 447 

Table 2.1:  Table of measured and calculated 2PA absorption maxima, λmax, within the 

calculated window and 2PA cross sections at λmax.  Calculated data computed using the 

B3LYP functional. 

With most molecules in this series, the calculated spectra show the presence of more than 

one absorption peak while in the measured spectra typically only one peak is observed 

within the measured spectral range.  For each molecule, the calculated peak that was 

assigned to be responsible for the measured 2PA cross section was the absorption 

maximum within the 1 eV window shown in Figure 2.2.  In most cases, these absorption 

bands were closest in energy to the measured absorption maxima.  The measured 

absorption maximum for 8 lies in between two calculated absorption bands.  The 

absorption band at 360 nm was assigned as being responsible for the measured peak at 

440 nm as it was closer than the peak at 550 nm.  The measured cross sections for 5 and 7 

did not contain a peak and thus the two cross sections are compared at the absorption 

maximum of the calculated spectra.  The average difference in energy between the 
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measured and calculated absorption maxima for the B3LYPg functional is 0.25 eV and 

the 2PA cross sections differ by an average factor of 4.5.  

2.4.2 – Comparing CAM-B3LYP Calculated Cross Sections to Measured Cross 

Sections 

One potential explanation for the differences in energy between the measured and 

calculated absorption maxima is that the transition energy of charge transfer/long range 

excitations are not accurately calculated using the B3LYP functional.
170–172

  If the 

excitations of these molecules have charge transfer character to them, then errors of up to 

1 eV are possible in the calculation of excitation energy.
173

  One way around this problem 

is to use a functional which better takes into account long range excitations, such as 

CAM-B3LYP.  Using the same methods as with B3LYP, but using the CAM-B3LYP 

functional, the calculated and measured 2PA cross sections were compared. 
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Figure 2.3:  2PA spectra of 1-10 calculated using the CAM-B3LYP functional.  The 

vertical bars represent the calculated transitions. 

Figure 2.3 shows the calculated 2PA spectra for this series of compounds calculated with 

the CAM-B3LYP functional.  The spectra show a 2.5 eV portion of the calculated 2PA 

spectra centered on the measured absorption maxima for each compound.  The regions 

shown in Figure 2.3 are wider than in Figure 2.2 because CAM-B3LYP calculates 

transitions which are higher in energy than B3LYPg.  Table 2.2 gives the calculated 2PA 

absorption maxima and cross sections at the absorption maxima and the previously 

measured 2PA cross sections and absorption maxima. 
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Compoun

d 

Measured 

λmax (nm) 

Measured 2PA 

Cross Section 

(GM) at λmax 

CAM-

B3LYP 

λmax (nm) 

CAM-B3LYP 2PA Cross 

Section (GM) at λmax 

1 255 27 204 476 

2 255 84 212 705 

3 346 202 275 283 

4 350 20 311 26 

5 N/A 4.7 222 36 

6 340 350 291 493 

7 N/A 0.8 309 0 

8 440 620 400 292 

9 280 23 242 6.5 

10 243 40 197 1017 

Table 2.2:  Table of measured and calculated 2PA absorption maxima, λmax, within the 

calculated window and 2PA cross sections at λmax.  Calculated data computed using the 

CAM-B3LYP functional. 

As with the B3LYP functional, for each molecule, the calculated transition that was 

assigned to be responsible for the measured 2PA cross section was the absorption 

maximum within the 2.5 eV window shown in Figure 2.3.  In most cases, these 

absorption bands were closest in energy to the measured absorption maxima.  In cases of 

multiple transitions overlapping with each other in the same band, the absorption 

maximum of the whole band was assigned to the measured transition.  The average 

difference in energy between the measured and calculated absorption maxima was 0.79 

eV which is in agreement with previously published results for similarly sized 

molecules.
139

  The magnitude of the 2PA cross sections between the measured and 

calculated cross sections differed, on average, by a factor of 7.65. 
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2.5 – CONCLUSION 

Comparing the results from calculations using the B3LYPg and CAM-B3LYP functional, 

calculations using the B3LYPg functional are associated with smaller differences in 

calculated and measured absorption maxima and 2PA cross sections which are in better 

agreement with experimental observation than results using CAM-B3LYP.  Based on the 

performance evaluation in this chapter, we conclude that B3LYPg is the better choice of 

DFT functional for predicting 2PA cross sections.  This is the method that will be 

employed in the rest of the investigations presented in this dissertation. 
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Chapter 3 

The Impact of Structure on the Two-Photon 

Absorption Cross Section and Overall 

Dissociation Rate of Nitrodibenzofuran 

Based Photocages: Calculation and 

Experiment 

 

3.1 – INTRODUCTION 

The ability to selectively deliver bioactive molecules with high spatial and temporal 

resolution has applications in many areas of chemical biology and drug delivery.
17,91,174

  

Photoremovable protecting groups (PPGs), or photocages, are chromophores that inhibit 

the bioactivity of molecules that are chemically bound to them and release an active form 

of those molecules following the absorption of light.
16,175,176

  Most PPGs require energy 

equivalent to one photon in the UV region of the spectrum in order to dissociate.
17,75

  

This presents challenges in biological systems since UV light has limited penetration 

depth and can damage tissue.
92,94,177

  For biological samples, there is a spectral window 

where absorption of light by the constituents of the sample is at a minimum, from 600 nm 

to 1000 nm.
92

  Using light that is within this window to dissociate photocage systems 

ensures that damage to the system is minimized while also ensuring as much light as 

possible reaches the photocage.  Two-photon absorption can be used to reach the energy 
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required to dissociate photocages while also staying within this biological window by 

using the combined energy of two near IR photons instead of one higher energy blue/UV 

photon.
112,121

  In order for the 2PA approach to be effective, optimization of the 2PA 

cross section of 2PA-PPGs becomes very important due to the inherently small cross 

sections associated with 2PA. 

Many structural motifs have been developed for PPGs.  They include modified boron-

dipyrromethene,
78,79,84

 nitroaryl groups such as o-nitrobenzyl (o-NB),
69–72,178

 and groups 

based on a coumarin core.
75,76

  Many of these motifs have only been investigated as 

single-photon photocages, but all are also two-photon active.
179–181

  The o-NB based 

photocages have been widely studied and are reported to release a large variety of leaving 

groups including carbonates, carbamates, carboxylates, alkoxides, phosphates, and 

thiolates.
182

  They have also been reported to release two leaving groups with a single 

photon.
183

  One drawback of many PPGs, including those based on the o-NB framework, 

is that they typically require a photon energy of 3.1 - 4.1 eV in order to initiate 

dissociation.
71,178

  They have also been reported to have small two-photon dissociation 

cross sections, δp  (the product of the 2PA cross section, σ2PA, and the dissociation 

quantum yield, ϕp).
46,184

  Modifications made to the o-NB framework such as the addition 

of a second nitro group, extending the conjugated framework, and modifications made at 

the benzylic position and on the aromatic ring have been shown to improve absorption 

and increase dissicoation.
16,129

  One of the more effective derivatives of o-NB, 

nitrodibenzofuran, has been reported to be an effective two-photon photocage, especially 

in the caging and delivery of thiols.
128,130,185

  NDBF has been reported to exhibit stronger 

one and two-photon absorption cross sections and higher one-photon dissociation 
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quantum yields when compared to o-NB.
127

  To date, there have been only a few studies 

investigating modified o-NB PPGs, and specifically modified NDBF, designed to 

increase their 2PA cross sections, dissociation rates, and redshift their absorption.
129–131

  

In one experiment, Becker et. al. investigated the effect of modifying the NDBF core by 

substituting dimethylamine, a strong electron donor, opposite the nitro group.  They 

found that the 1PA and 2PA absorption maxima of the modified compound was 

redshifted nearly 100 nm, allowing for longer wavelength dissociation.
130

  In that study, 

however, only the 1PA cross section of NDBF was measured.  Due to the difficulty of 

measuring two-photon absorption compared to one-photon absorption, 1PA spectra are 

often used as a surrogate for what wavelengths 2PA will occur in a given molecule.  

However, due to the different selection rules between 1PA and 2PA, the greater the 

symmetry a molecule has, the larger contrast between 1PA and 2PA intensity for a given 

transition.  As symmetry is relaxed, the contrast between 1PA and 2PA transition 

probabilities is relaxed. 

This study involved a series of four molecules, each based on the NDBF chromophore 

containing the cysteamine leaving group (Figure 3.1).  This series allowed us to 

investigate the impact that the addition of one or more electron donating methoxy groups 

to the chromophoric unit and extending the conjugation of the chromophoric unit had on 

the measured and computationally predicted 2PA spectrum of the NDBF system.  There 

are few, if any, direct comparisons between the measured and computationally predicted 

2PA cross section and two-photon induced dissociation rates of photocages.  In this 

study, the measured 2PA cross sections are compared to two-photon induced dissociation 
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rates with the goal of better understanding the factors that control the overall dissociation 

rate of these photocages. 

Computational predictions can offer insight into the nature of one and two-photon 

transitions as well as provide an initial understanding of the energies where these 

molecules are likely to absorb.  The NDBF system has previously been the subject of 

computational study.
129

  Dreuw et. al. used TDDFT/BHLYP to calculate the 2PA spectra 

of two NDBF photocages, without leaving groups or solvent effects included in the 

calculation, and found that the primary transitions of the two molecules were due to π  

π* transitions located on the conjugated core and n  π* transitions localized on the nitro 

groups.  That study also predicted a redshift in the 2PA spectrum due to the addition of an 

electron donating methoxy group to the core of the system.
129

  Few studies have been 

published directly comparing 2PA calculations to measured 2PA, with fewer still using 

computationally efficient methods.
139,186

  Canola et. al. used the CAM-B3LYP functional 

to calculate the 2PA cross sections for a variety of dyes and measured the low energy 

portion of the 2PA spectrum, but could not directly compare the two.
186

  Nayyar, et. al. 

compared the results from DFT calculations to previously published measured Two-

photon absoprtion cross sections of different oligophenylvinylenes and found that cross 

sections and transition energies using the B3LYP functional was in good agreement with 

experiment.  In this study, a series of four NDBF based photocages were investigated.  

Two-photon absorption spectra of each compound were measured using a technique that 

directly measured cross sections over a broad range of wavelengths.  Two-photon 

absorption cross sections were computed with DFT using the B3LYP functional.  The 

measured and calculated cross sections were compared to two-photon induced 
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dissociation rates to better understand the factors that are involved in absorption and 

dissociation of the NDBF system and how the structure of the photocage changes these 

factors.  2PA cross sections were also compared to results from DFT calculations to 

assess the value that computationally efficient calculations have in predicting 2PA 

spectra of PPGs and to better understand the nature of 2PA transitions in the NDBF 

photocage. 

 

Figure 3.1:  The structures of the four NDBF derivatives with the leaving group in red. 

The compounds in this chapter were synthesized by Dr. Feng Xu in collaboration with 

the Distefano Research Group at the University of Minnesota.  

 

3.2 – EXPERIMENTAL 

3.2.1 – Spectral Measurements 

One-photon absorption spectra were measured for each molecule in a 1 cm quartz cuvette 

using a Cary 4000 UV-Vis spectrometer.  All compounds were dissolved in either DMSO 

(for the 1PA measurements) or d6-DMSO (for the 2PA measurements).  D6-DMSO was 

used for the 2PA measurements to reduce interference from the Raman scattering from 
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DMSO.  The solvent Raman scattering peaks from d6-DMSO are redshifted compared to 

the scattering from DMSO.  The broadband 2PA spectra were measured using a 

previously reported technique based on a broadband ultrafast pump/probe experimental 

setup.
118,169,187

  A homebuilt, amplified, Ti:Sapph based laser system generated pulses 

centered at 810 nm with a FWHM of 25 nm and a repetition rate of 1 kHz.
188

  After 

exiting the laser, the beam was split in two.  The time delay between the two pulses was 

controlled by a mechanical delay. Waveplate/polarizer pairs were used to select 

polarization and attenuate the power of each pulse.  A continuum from 450 nm to 750 nm 

was generated by focusing one beam into a 2 mm thick sapphire crystal.  Both beams 

were independently focused and crossed within the sample.  The samples were contained 

in a 3 mm path length quartz cuvette (Starna 23-3.45-Q-3).  The temporal profile of the 25 

nm bandwidth pulse was Gaussian and measured to be 70 fs (FWHM) at the sample.  The 

diameter of this beam was imaged at the sample using a Logitech c170 webcam and the 

diameter was measured to have a 1/e
2
 halfwidth of 152 μm.  Pulse energy of this beam 

ranged from 10 uJ to 30 uJ.  The continuum beam was measured to have a diameter of 

119 μm (1/e
2
 halfwidth) with a pulse energy of 53 nJ at the sample.  The relative 

polarization of the two pulses was set parallel.  After passing through the sample, the 

white light was spectrally dispersed and detected on a linear 256 pixel photodiode array.  

Each group of six adjacent pixels was averaged to create an array of 42 effective pixels 

and a resolution of 6 nm per effective pixel. 

Both of the crossing pulses were at wavelengths longer than the onset of the 1PA 

spectrum of all measured compounds.  There was no evidence of absorption of either 

beam alone.  Two-photon absorption only occurred when the pump and probe pulses 
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were spatially and temporally overlapped in the sample.  The relative time delay between 

the two pulses was scanned ±1 ps.  Outside of the temporal pulse overlap, no signal was 

observed.  Integrating the signal over time accounted for the temporal chirp in the 

broadband probe and suppressed signals from cross-phase modulation.
189,190

  All 

measurements were repeated with the neat solvent and the resulting background was 

subtracted from each measurement.  The spectral width of the continuum, when 

combined with the 810 nm pump, determined the accessible experimental spectral range.  

In this case the experimental spectral range was the two-photon equivalent of 300 nm to 

370 nm. 

Equation 1 was used to convert from integrated two-photon absorption signals to 2PA 

cross sections using the Raman calibrated cross section for deprotonated p-

hydroxyacetophenone (p-HA
-
) as an external standard.

169,191
 

           

 
             

               
 

 
               

                   
 
             (3.1) 

In Equation 3.1, σsample and σstandard are the 2PA cross section (in GM, 10
-50

 

cm
4
·s·molecules

-1
) of the sample and the standard, respectively, Esample and Estandard are 

the energy of the pump beam (in J) in the sample and standard experiments, respectively, 

Nsample and Nstandard are the number densities of the sample/standard (in molecules·cm
-3

), 

and                        is the time integrated 2PA signal in OD·s for the sample 

and standard.  The 2PA spectrum of p-HA
-
 was measured in the same configuration as 

each sample.  See SI for more detail. 
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The 2PA cross section of each compound was also measured at 405 nm.  The cross 

section at this specific wavelength was measured to extend the measurement out past the 

limit of the broadband measurement and because the dissociation rates of each compound 

were measured using a single beam of 810 nm laser light (405 nm combined 

wavelength). 

Using the same configuration as the broadband measurements, in a separate experiment 

the continuum pulse was replaced by a duplicate of the narrow bandwidth pulse to 

measure the degenerate 2PA at the equivalent of 405 nm ± 12 nm.  The two parallel 

polarized Gaussian pulses were both centered at 810 nm with a FWHM of 25 nm and 

pulse duration of 87 fs.  One beam had a diameter of ~400 μm (1/e
2
 halfwidth) with a 

pulse energy that ranged from 2.5 μJ to 30 μJ.  The probe beam had a diameter of ~130 

μm (1/e
2
 halfwidth) and average pulse energy of 30 nJ.  After the sample, neutral density 

filters were used to attenuate the intensity of the probe beam.  The probe light was 

detected using the same method and equipment as the broadband measurements.  The 

signal was integrated over time and the cross section was determined using the same 

procedure as the broadband measurements, but using the average of 6 pixels from 807 nm 

to 812 nm as the time integrated absorption signal for the calculation.  Rhodamine B 

(Rhodamine 610) in methanol was used as the external 2PA standard for these 

measurements.
100

  The gap in the 2PA cross sections between ~370 nm to 405 nm was 

unable to be measured due to the white light continuum becoming increasingly noisy and 

unusable closer to the driving fundamental at 810 nm. 
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3.2.2 – Determination of Dissociation Rates 

For the two-photon induced dissociation rate experiments, a 1 kHz laser pulse with a 

pulse power between 68−76 mW was used to initiate dissociation.  The pulse was 

centered around 810 nm with a FWHM of 12 nm.  Each pulse had a Gaussian profile with 

a FWHM of 80 fs.  This setup is described in detail elsewhere.
185

 The beam was focused 

into the sample using a 35 cm focusing lens.  30 uL samples were irradiated in a quartz 

microcuvette (Starna 16.10-Q-10/Z15, 1 mm × 1 mm sample window, 10 mm path 

length) 15 cm after the focal plane of the lens.  The irradiated samples were analyzed by 

HPLC-UV. 

The dissociation rate experiments in this chapter were completed via collaboration with 

Taysir Bader and Dr. Matt Hammers from the Distefano Research Group at the 

University of Minnesota. 

3.2.3 – Computational Methods 

All molecular structures were optimized in Gaussian 16
146

 using density functional theory 

(DFT) with the B3LYP functional
147–149

 and the 6-31G(d) basis set.
150,151

  An IEFPCM 

solvent model for DMSO was included.
152

  Using the optimized structures, one and two-

photon transition energies and strengths were calculated using the Dalton quantum 

chemistry package, which calculates the 1PA spectra using linear response theory and 

2PA spectra using the quadratic response (see SI for details).
153

  The 2PA calculations 

assume two parallel, linearly polarized photons and are rotationally averaged over an 

isotropic distribution of molecular orientations.  The 10 lowest energy transitions were 

calculated and a Gaussian broadening function with a fixed 0.4 eV width (FWHM) was 
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convoluted over each transition.  Natural Transition Orbitals (NTOs) were generated for 

the strongest transition of each compound using Gaussian 16.
192

 

3.3 – RESULTS 

  

1 

2 

3 

4 
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Compound 

Measured 

1PA λmax 

(nm) 

Measured ε (M
-

1
cm

-1
) at λmax 

Calculated 

1PA λmax 

(nm) 

Calculated ε 

(M
-1

cm
-1

) at 

λmax 

1 291 8960 360 6380 

2 357 9340 405 7375 

3 377 12410 384 6875 

4 323 14100 372 7325 

Figure 3.2:  One-photon absorption spectra of the four compounds.  The blue lines 

indicate the measured 1PA spectra, the vertical bars indicate calculated 1PA transitions, 

and the green lines show a convolution over the calculated transitions. 

The dissociation rate for 1 has been previously reported and is reproduced here for 

comparison.
193

 

Figure 3.2 presents the calculated and experimental 1PA spectra for 1-4.  The measured 

spectra exhibit broad absorption in the UV region from 300 nm to 450 nm.  The addition 

of one or two electron donating methoxy groups to the core of the NDBF system caused a 

shift in the maximum absorption to longer wavelength in the 1PA spectrum of 45 nm and 

70 nm, respectively, while extending the conjugation through an additional benzyl ring 

resulted in a 30 nm shift to longer wavelength.  Compared to 1, all of the structurally 

modified compounds exhibit larger molar extinction coefficients at λmax with 4 exhibiting 

the largest molar absorptivity. 

Comparing the energies of the dominant calculated transition with the measured 

absorption maxima, the average difference in energy is 0.34 eV.  The difference between 

the calculated and measured molar absorptivities at λmax was, on average, 30% lower than 

the measured values.  The trends in the strength of the calculated molar absorptivities did 

not match the trends in measured values.  In each calculated spectrum, there were one to 

two transitions to longer wavelength than the spectral window shown in Figure 2.  For 1, 

2, and 3, one transition to longer wavelength was calculated.  Compound 4 has two 



44 

 

transitions to longer wavelength that are not shown.  The calculated molar absorptivities 

of these transitions are 10% or less than the strength of the largest transition shown 

within the spectral window. 

 

1 

2 

3 

4 
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Compound Measured 2PA 

λmax (nm) 

Measured σ2PA at 

λmax (GM) 

Cross Section at 405 

nm (GM) 

1 330 75 12.3 ± 5.0 

2 365 85 19.3 ± 1.7 

3 330* 180 96.4 ± 29.6 

4 330 215 45.7 ± 15.7 

Figure 3.3:  Two-photon absorption spectra and cross sections of the four compounds.  

The circles represent the measured 2PA spectra, the vertical bars represent calculated 

2PA transitions, and the lines represent a Gaussian convolution over the predicted 

transitions.  (*):  The cross section did not come to a maximum, but the reported λmax was 

the wavelength of the largest cross section measured. 

The spectral range probed for these experiments was around 3.1 eV to 4.1 eV.  Because 

two-photons were used to probe this range, the individual photon energy ranged from 

~1.5 eV to ~2 eV, within the window for minimum absorption from biological samples.
92

  

Figure 3.3 presents the measured and calculated two-photon absorption spectra for 1-4.  

Compound 1 exhibited broad 2PA across the experimental range of 300 – 360 nm with a 

maximum around 330 nm.  With the addition of the methoxy group, 2, the peak shifted 

35 nm to longer wavelength.  The 2PA for 2 also exhibited an absorption minimum at 

330 nm with the cross section increasing to the high and low energy ends of the 

spectrum.  The 2PA cross section for 3 increased to the high and low energy ends of the 

spectrum and had an absorption minimum around 353 nm.  Much like the 1PA spectrum, 

the 2PA spectrum for 4 showed no major shift in the absorption maximum compared to 1, 

but the 2PA cross section at λmax was much larger than the cross section for the 

unmodified compound.  The shifts in the wavelength regions probed between the 

compounds is due to variable amounts of noise in the white light continuum at 

wavelengths approaching the laser fundamental, 810 nm, as well as with the tail of the 

1PA spectra for some compounds interfering with the low wavelength end of the 2PA 

measurements.  Figures A1-A4 in Appendix A show the power dependence plots for the 
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2PA cross sections measurements for 1-4.  They show that the measurements for each 

compound depend linearly on the power of the 810 nm pulse.  The additional 

measurements at 405 nm facilitated direct comparisons to the dissociation experiments 

which were measured using an 810 nm light source. 

Within the spectral window shown in Figure 3.3, the calculated 2PA spectra all had 

absorption maxima lower in energy than the measured absorption maxima with an 

average energy difference between the measured and calculated 2PA absorption maxima 

of 0.29 eV.  The calculated cross section for each compound at the absorption maximum 

were lower by an average factor of two. The calculated cross section for 2 was roughly 

equal to the measured 2PA cross section.  In each calculated 2PA spectrum, there were 

one to two transitions to longer wavelength than the spectral window shown in Figure 

3.2. 

 

Figure 3.4:  Dissociation of each compound after a given irradiation time using an 810 

nm light source. 
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Figure 3.4 shows the fraction of starting material remaining as a function of time as the 

compounds are dissociated.  Each of the three modifications made to the NDBF 

chromophore increased the dissociation rate compared to the unmodified compound with 

2 and 3 being equally fast and 4 having a slower rate than 2 and 3, but faster than 1. 

 

3.4 – DISCUSSION 

3.4.1 – Nature of the 1PA and 2PA Transitions 

For these NDBF based photocages, the second and third transitions dominated the 1PA 

and 2PA spectra within the measured spectral window with smaller contributions from 

the fourth, fifth, and sixth transitions.  For 1, transitions to the third and fifth excited state 

dominate.  The third transition is primarily characterized as an excitation from the 

HOMO-1 orbital to LUMO while the fifth excited state is mostly characterized as being 

from HOMO-5 to LUMO (Figures A5 and A6).  The spectrum for 2 was dominated by 

the second transition with additional contributions from the third and fourth transitions. 

These are characterized as primarily being from the HOMO, HOMO-3, and HOMO-2 to 

LUMO, respectively (Figures A7 and A8).  The spectrum for 3 is primarily made up of 

contributions from the second, third, and fourth transitions.  These transitions are from 

the HOMO-2, HOMO-3, and HOMO-4 orbitals to LUMO, respectively (Figures A9 and 

A10).  The spectrum for 4 is primarily made up of third fourth and sixth transitions which 

are characterized as being from HOMO-2 to LUMO, HOMO-3 to LUMO, and HOMO-4 

to LUMO, respectively (Figures A11 and A12).  Within the spectral window, the 

dominant 1PA transition and dominant 2PA transition is the same for 1, 2, and 4, with 

compound 3 being the only exception.  The 1PA spectrum for this compound has 
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significant contribution from the second and third transition, with the second transition 

being slightly stronger.  The fact that the dominant transitions between 1PA and 2PA 

spectra are similar for all compounds is unsurprising given the relaxation of the selection 

rules that comes with the low degree of symmetry of the NDBF photocage. 

We assign the tail end of the dominant transitions for 2-4 as being responsible for the 

absorption in the experiments at 405 nm.  The dominant calculated transition was closer 

in wavelength to 405 nm than all other transitions and any transition to longer wavelength 

of 405 nm was calculated to have a cross section lower than 7% of the dominant 

transition.  However, in the case of 1, the second transition also contributes to the 2PA 

cross section at 405 nm.  This transition is characterized as being from a mixture of 

HOMO-3, HOMO-2, and HOMO-1 to LUMO. 

 

Figure 3.5:  NTOs for the strongest calculated transition of each of compound within the 

spectral window probed. 

To better understand the combined orbital character of the dominant transitions, the 

transitions were visualized using NTOs.  Figure 3.5 presents the ground state and excited 

state NTOs for the dominant transition of each of the compounds.  In every case, the 

dominant transition for each molecule is a π to π* transition delocalized over the 
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conjugated backbone of the photocage.  In the excited state, there was more electron 

density near the nitro group than on the other side of the NDBF core while in the ground 

state, the electron density was distributed evenly across the whole core.  There was little 

electron density on the leaving group in either the ground or excited state NTOs for any 

compound which indicates that the leaving group has little involvement in the main 

transitions of the NDBF system.  These results were consistent with what has been 

previously published on compounds similar to 1 and 2 and the NTO analysis indicates 

that the addition of a second methoxy group or conjugated ring do not significantly 

change the nature of the dominant transitions.
129

 

A tool for characterizing the degree of charge transfer character for an excitation was 

proposed by Peach et. al. and is characterized by the variable, Λ.
173,194

  The value of Λ 

ranges from 0 to 1 with 0 being a charge transfer excitation with no orbital overlap 

between the ground and excited states and a value of 1 signifies a local excitation with 

complete orbital overlap between the ground and excited states.  Analysis of the Λ values 

for the dominant transitions of each compound (Table 3.1) shows Λ varying from 0.44 to 

0.5 indicating transitions which are halfway between a local excitation and a charge 

transfer excitation.  These values correlate with what is seen in the NTOs for each 

compound with electron density shifting towards the nitro group. 

Compound 

(Transition) 
Λ 

1 (3) 0.49 

2 (2) 0.48 

3 (2) 0.48 

4 (3) 0.50 

Table 3.1:  Orbital overlap values for the dominant transitions of each compound. 



50 

 

By extending the conjugation, 4, the measured 1PA shifts to longer wavelengths by 

around 20 nm.  Shifts of the absorption maxima for molecules to longer wavelengths due 

to extending the conjugation is well established for π to π* transitions.
195–197

  The 

addition of an electron donating methoxy group, 2, also causes a redshift in the one-

photon absorption maxima of 40 nm.  With the addition of a second methoxy group, 3, 

the spectrum redshifts another 20 nm.  The additions of electron donating methoxy 

groups and extended conjugation to the NDBF system increased the 2PA cross section in 

the spectral region measured.  Compared to 1, 2 exhibits an increase in the 2PA cross 

section of 30 GM, and a redshift of λmax of 30 nm.  The electron donating methoxy group 

together with the electron withdrawing nitro group on 2 creates a push-pull architecture 

on the photocage, the strength of which has been reported with other molecules to 

increase two-photon cross sections.
198

  This is also the case with 3 which exhibits an even 

greater degree of charge separation due to the second methoxy group and thus a further 

enhancement of the 2PA cross section.  The increases in 2PA cross section of 2 and 3 

follow previously published trends in NDBF and similar molecules.
125,199

  The large 

increase in the two photon cross section for 4 compared to 1 is due to the increased 

conjugation length and associated increased polarizability of the photocage.  The 

transitions that dominate the 2PA spectra within the spectral region probed are 

characterized as π to π* transitions involving the orbitals of the conjugated NDBF core.  

They are very similar in character across the series with slightly more charge transfer 

character in 2 and 3 than 1, and the highest σ2PA in 4. 
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3.4.2 – Comparison of Absorption and Dissociation 

The rate of dissociation for a photocage depends, in part, on the two-photon absorption 

cross section and the dissociation quantum yield.  We can learn about the role the 2PA 

cross section plays in overall dissociation by comparing it to the measured dissociation 

rates.  If the two-photon absorption cross section at 405 nm were the only factor in 

determining the rate of dissociation,  3 would have a faster dissociation rate than 2 due to 

its 5 times larger 2PA cross section. What was measured instead was 2 and 3 exhibit very 

similar dissociation rates.  When compared to the unmodified compound, 2 had a 5 times 

greater dissociation rate.  This is not the only deviation from the expected trend.  The 

cross section at 405 nm of 4 is nearly 4 times greater than compound 1, but has a 

dissociation rate only twice that of the unmodified compound.  The lack of direct 

correlation between the 2PA cross section and the dissociation rate indicates that the 

cross section is not the only determining factor for dissociation rate.  One property that 

could be different between the compounds is the dissociation quantum yield; the ratio of 

photocages that dissociate after absorbing two photons to those that do not.  One possible 

origin for the differences in dissociation dynamics that could impact the factors such as 

the geminate recombination rate would be differences in the nature of the transitions.  

However, the transitions are all characterized by a similar π to π* transition.  The 

transitions for each molecule also exhibit a similar degree of charge transfer character 

(Table 3.1).  With no evidence of a transition into a directly dissociative state, the four 

compounds are likely to undergo internal conversion to the ground state followed by 

intermolecular vibrational energy relaxation and statistical dissociation.  Differences in 

the dynamics of dissociation, including the fraction of geminate recombination, will 
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contribute to the overall dissociation rates of these compounds.  The dissociation 

dynamics are investigated in Chapter 5. 

3.4.3 – Calculation of 2PA Cross Sections 

The average difference between calculated and measured two-photon absorption maxima 

was similar to that reported in previous studies using similar methods on similarly sized 

molecules.
200,201

  Lower calculated molar absorbtivities using the B3LYP functional has 

also been reported.  B3LYP is known to underestimate the oscillator strength of even 

small molecules such as ethylene and formaldehyde by 10%.
157,202

  Similar to the 1PA 

calculated molar absorptivities, the calcualted 2PA cross sections are within the same 

order of magnitude of the measured cross sections, but are smaller by an average of 40%.  

These results, on average, are closer to experiment than what was reported for similarly 

sized where the calculated 2PA cross sections of a series of azobenzenes were an average 

of 50% lower than experiment.
138

  The trend in the strength of the calculated 2PA cross 

sections differs from the trend in the strengths of the measured cross sections.  This could 

be because to the differences in the cross sections of between the compounds are small, 

only differing by up to a factor of two, and thus, the trends are more challenging to 

accurately predict.  The differences in energy between the measured and calculated 

absorption spectra is consistent with what is known about the B3LYP functional.  B3LYP 

is known to be less accurate when calculating the energy of charge transfer 

excitations.
170–173

  The primary transitions of the NDBF system have charge transfer 

character to them, a Λ value of ~0.5, which has been reported to cause errors in predicted 

energy of up to 1 eV.
173

  Even given the error between measured and calculated transition 
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energies, the computational method used produces results which are able to guide and 

assist the experimental observation of 2PA. 

 

3.5 – CONCLUSION 

Studies of the structure/property relationships of photocages have been reported 

previously, including on the NDBF photocage.
84,131,182

  These studies, however, do not 

investigate the relationship between the structure of a photocage, its 2PA cross section, 

and its dissociation dynamics.  Understanding the relationship between these quantities is 

key to designing more photocages for more efficient photorelease.  In this work, the two-

photon absorption spectra of four NDBF based photocages were measured and 

computationally predicted and compared to two-photon induced dissociation rates.  By 

extending the conjugation of or adding electron donating groups to the system both 

redshift 1PA and 2PA maxima, increase 2PA cross sections, and increase the two-photon 

induced dissociation rate.  It was demonstrated that the strength of the 2PA cross section 

does not correlate with dissociation rate, indicating that the dissociation dynamics, such 

as the quantum yield and the rates of geminate recombination also play a role in 

determining the relative overall dissociation rates of the NDBF photocage. 

The 1PA and 2PA calculations were a valuable tool in determining the nature of the 

dominant transitions of these molecules through the analysis of NTOs and charge transfer 

character.  The predicted 1PA and 2PA spectra were all redshifted from the measured 

spectra. The molar absorptivities and 2PA cross sections for each molecule were 
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predicted to be within a factor of two which indicates these methods can be used in the 

future to estimate the strength and energy of two-photon transitions. 

This work also emphasizes the importance of choosing the appropriate wavelength for 

dissociation for these photocages.  The choice of wavelength is not as simple as choosing 

the absorption maxima of these compounds, as differing dissociation dynamics can 

enhance or lower overall dissociation rates.  Because these compounds that have limited 

symmetry the 1PA and 2PA spectra are similar indicating that the 1PA spectra of NDBF 

photocages can be used as an initial guide to inform where they will absorb two photons. 
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Chapter 4 

Influence Of The Leaving Group On The 

Absorption and Dissociation Of Photocages 

 

4.1 – INTRODUCTION  

Photocages are typically constructed with a chromophoric unit that dissociates from a 

biologically active constituent when photoexcited.
16,17

  While bound to the chromophore, 

the constituent, or leaving group, is rendered inactive.
203

  Photocages are frequently used 

in biochemistry, delivering fluorescent dyes and bioactive molecules.
26–28,31

  For 

example, drug molecules can be attached to a photocage and then can be delivered to a 

biological sample with very high spatial and temporal resolution.
29,204

  This allows for an 

increased concentration of the active molecule in a localized area while the concentration 

of active molecule outside the area of irradiation is left comparatively low.  Photocages 

typically require energy equivalent to a photon in the UV or blue region of the spectrum 

in order to release their payload.
16

  This poses particular challenges in biological 

applications because UV and blue photons have shorter penetration depth in tissue and 

can be phototoxic to DNA and cells.
49,90,92,94,104,205

  A spectral window exists for 

biological samples where the scattering and absorption of photons by the constituents of a 

sample is at a minimum, from 600 nm to 1000 nm.
92

  Using photons of wavelength 
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within this window to initiate dissociation ensures that damage to the system is 

minimized while also maximizing penetration depth.
126,206

  Using two-photon absorption 

(2PA), two lower energy near-IR photons, rather than one high energy UV photon, are 

absorbed simultaneously by the photocage.
95,207

  The probability of molecules absorbing 

two photons is typically low compared to one-photon absorption (1PA) and is dependent 

on light intensity.  In more intense light fields, such as those produced by lasers, the 

probability of 2PA is greater.
208,209

  Due to the probability of 2PA being proportional to 

light intensity, it will occur more in the higher intensity parts of the laser beam, such as at 

the focal point of a single beam or the crossing point of two beams.  This means that two-

photon induced dissociation can be confined to smaller volumes than one-photon 

dissociation and be moved three-dimensionally within a sample by moving the focal or 

crossing points.
46,101,210–213

  A requirement for the 2PA approach to be effective is that 

2PA-PPGs must be designed with high 2PA cross sections and fast dissociation rates. 

Common structural motifs for photocages include BODIPY
78,86,88,214,215

, those based on a 

coumarin core
75,81,83,216

, and ortho-nitrobenzene (o-NB).
70–72,178,217

  These motifs have 

been reported to cage and release many different leaving groups such as  proteins
37,38

, 

peptides
39,41,42

, RNA and DNA,
51–53,55,56,58,59

 and drugs and prodrugs.
29,33–36

  Each of these 

motifs exhibit different spectral and dissociative properties with different cross sections, 

dissociation quantum yields, and dissociation rates.  The focus of many experimental and 

computational studies has been on modifying the structure of the chromophoric unit of 

these motifs to increase their 2PA cross sections and enhance their dissociation 

rate/quantum yield.
86,129,131,176,215,218

  One of the more effective modifications of the o-NB 

motif is nitrodibenzofuran (NDBF).  NDBF exhibits stronger two-photon absorption than 
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o-NB and has been reported to release leaving groups bonded through a C-S bond with a 

high yield.
129,131,185,193,219

 

Few studies have focused on the leaving group itself and its role in the dissociation 

process. Specifically how, if at all, they influence the amount of light absorbed or the rate 

at which the system dissociates.  One study looked at how photocage structure and choice 

of the leaving group affected one-photon absorption and dissociation in BODIPY 

photocages.
86

  The authors found that the pKa correlated with dissociation rate, with an 

acetate leaving group having a lower pKa and lower dissociation quantum yield 

compared to a chloride leaving group by a factor of ~3.5.  

This work seeks to better understand the role of the leaving group in influencing the 

absorption and dissociation properties of photocages.  A series of three leaving groups 

attached to two NDBF based photocages (Figure 4.1) was used to investigate how 

different leaving groups and bonding motifs affect the absorption of light and the 

dissociation rate of the NDBF system.  The compounds with the different leaving groups, 

acetate (bonded through an oxygen), cysteamine (bonded through a sulfur), and cys-

FMOC (bonded through a sulfur) were compared to a control, where the leaving group 

was replaced with a hydrogen atom.  The fraction of photocages and leaving groups that 

geminately recombine could be influenced by the size and structure of the leaving group.  

This hypothesis is investigated by comparing the 2PA cross sections and dissociation 

rates between structurally large and small leaving groups.  Computational results were 

used to assist in the interpretation of spectroscopic observables and investigate whether or 

not the leaving group plays an active role in the absorption of light.  Broadband 2PA 

spectroscopy and time resolved dissociation measurements were used to measure 2PA 
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cross sections and dissociation rates, respectively.  Comparison of these properties 

provides insight into the role of the leaving group in the absorption and dissociation 

process. 

 

Figure 4.1:  Compounds used in this work.  The portions highlighted in red denote the 

leaving group. 

To facilitate comparison, the compounds using the unmodified NDBF photocage are 

labeled the ‘a-series’ compounds and those using the methoxy modified NDBF 

photocage are labeled the ‘b-series’ compounds.  The measured 1PA spectra and the one 

and two-photon induced dissociation rates of compounds 3a, 3b, 4a, and 4b have been 

previously reported or discussed in Chapter 3.
185,193

  Some of the results are reproduced 

here to facilitate comparison between different leaving groups.  The compounds were 
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synthesized by Dr. Feng Xu in collaboration with the Distefano Research Group at the 

University of Minnesota. 

4.2 – EXPERIMENTAL 

4.2.1 – Broadband 2PA Cross Section Measurements 

One-photon absorption (1PA) spectra were measured in a 1 cm quartz cuvette using a 

Cary 4000 UV-Vis spectrometer.  All compounds were solvated in DMSO or d6-DMSO. 

The broadband 2PA spectra were measured using a previously reported technique based 

on an ultrafast pump/probe experimental setup.
116

  Briefly, a homebuilt amplified 

Ti:Sapph based laser system generated a pulsetrain with a 1 kHz rep rate.
188

  The pulses 

were centered at 810 nm with a FWHM of 30 nm.  The output of this laser was split into 

two beams.  The time delay between the two pulses was controlled by a pair of 

mechanical stages.  Waveplate/polarizer pairs were used to set the polarization of each 

pulse parallel to each other and attenuate the power of both pulses.  A continuum from 

450 nm to 750 nm was generated by focusing one beam into a 2 mm thick sapphire 

crystal.  Both beams were then independently focused into and crossed within the sample 

which was contained in a 3 mm path length quartz cuvette (Starna 23-3.45-Q-3).  Each 

pulse had a Gaussian temporal profile and was measured to be 70 fs (FWHM) at the 

sample.  The diameter of the 810 nm beam was imaged at the sample using a Logitech 

c170 webcam and the width was measured to have a 1/e
2
 halfwidth of ~150 μm.  Pulse 

energy ranged from 5 uJ to 30 uJ.  The continuum beam was measured to have a diameter 

of ~120 μm (1/e
2
 halfwidth) with a pulse energy of 53 nJ at the sample.  After passing 

through the sample, the white light was dispersed and detected on a linear 256 pixel 

photodiode array.  To improve the signal to noise, each group of six pixels was averaged 
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to create an array of ~42 effective pixels and a resolution of 6 nm per effective pixel.  The 

conversion from the change in optical density (delta OD) to cross section was done using 

p-hydroxyacetophenone as a 2PA external standard.  The conversion was the same as 

used in Chapter 3. 

4.2.2 – Measurement of 405 nm 2PA Cross Section 

2PA cross sections at 405 nm were measured using the method reported in Chapter 3.  

Briefly, an 810 nm laser pulse was split into two beams.  The two parallel polarized 

beams were both centered at 810 nm and had a FWHM of 25 nm with a pulse duration of 

87 fs.  The diameter of one beam was around 400 μm (1/e
2
 halfwidth) and had a pulse 

energy that ranged from 2.5 μJ to 30 μJ.  The second beam had a diameter of around 130 

μm (1/e
2
 halfwidth) with an average pulse energy of 30 nJ.  Neutral density filters were 

placed after the sample to attenuate the intensity of the second beam. The resultant pump-

probe signal was integrated over time and the 2PA cross section was determined using 

the same procedure as the broadband measurements, using the average of 6 pixels from 

807 nm to 812 nm as the time integrated absorption signal for the calculation.  The 2PA 

standard used in these studies was Rhodamine B (Rhodamine 610).
100

 

4.2.3 – Dissociation Experiments 

To determine the two-photon induced dissociation rates of each compound, a 1 kHz laser 

pulse with a pulse power between 68−76 mW was used to initiate dissociation.  The pulse 

was centered around 810 nm with a FWHM of 12 nm.  Each pulse was Gaussian in time 

with a FWHM of 80 fs.  This setup has been described in detail.
185

 The beam was focused 

into the sample using a 35 cm focusing lens.  30 uL samples were contained in a quartz 
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microcuvette (Starna 16.10-Q-10/Z15, 1 mm × 1 mm sample window, 10 mm path 

length) and irradiated 15 cm after the focal plane of the lens.  The irradiated samples 

were analyzed by HPLC-UV for a series of increasing exposure times. 

The dissociation rates were measured by Taysir Bader in our collaboration with the 

Distefano Research Group at the University of Minnesota. 

4.2.4 – Computational Methods 

The methods for calculating 1PA and 2PA cross sections are the same as reported in 

Chapters 2 and 3.  Briefly, the structure of each compound was optimized in Gaussian 

16
146

 using DFT with the B3LYP
147–149

 functional, the 6-31G(d) basis set
150,151

, and an 

IEFPCM solvent model for DMSO.
152

  The Dalton quantum chemistry program
153

 was 

used to calculate the excitation energies and one and two-photon cross sections.  The 

calculations of 2PA cross section assumed two parallel, linearly polarized photons and 

were rotationally averaged over an isotropic distribution of molecular orientations.  

Natural Transition Orbitals (NTOs) were generated in Gaussian to visualize the orbitals 

involved in the transitions for each compound.
192

 

 

4.3 – RESULTS 

The 1PA spectra and two-photon induced dissociation of 3a, 4a, and 4b have been 

previously reported are reproduced here for comparison and reference.
185,193

 



62 

 

  

Figure 4.2:  Measured and calculated 1PA spectra of the 8 compounds.  The solid trace is 

the measured spectrum, the vertical bars represent the calculated transitions, and the 

dashed line is a convolution over the calculated transitions. 

Figure 4.2 presents the one-photon absorption spectra of the 8 compounds.  The a-series 

compounds all exhibited broad absorption in the UV region from <300 nm to 400 nm and 

had an absorption maxima around 325 nm.  The b-series compounds also exhibited broad 

absorption in the UV region from 300 nm to 450 nm with the exception of 1b, which had 

1a 1b 

2a 2b 

3a 3b 

4a 4b 
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a maximum at 332 nm that quickly falls to zero at 375 nm.  Compounds 2b, 3b, and 4b 

had an absorption maximum around 360 nm.  The compounds without leaving groups, 1a 

and 1b, had a large and roughly equal molar absorptivity at their maxima, ~18,000 M
-

1
cm

-1
.  The compounds with acetate leaving groups exhibited differing levels of 

absorption.  Compound 2a had a maximum molar absorptivity of 6630 M
-1

cm
-1

 and 2b 

had an absorptivity nearly double that, 11940 M
-1

cm
-1

.  Both cysteamine containing 

photocages had roughly the same absorptivity with 3a increasing to higher energy and 3b 

having a maximum of 9340 M
-1

cm
-1

.  Compounds 4a and 4b had roughly the same 

absorptivity at their respective maxima of around 8000 M
-1

cm
-1

. 

For the compounds with leaving groups, the calculated molar absorptivities were on 

average, 30% lower than the measured values.  The calculated transitions were redshifted 

by an average of ~40 nm when compared to the measured absorption maxima. The molar 

absorptivity of the control compounds, 1a and 1b, were on average 60% lower than the 

measured values.  The calculated absorption maximum for 1a was ~30 nm redshifted 

from the measured absorption maximum.  Compound 1b had a calculated absorption 

maximum that is redshifted from the measured maximum by ~70 nm.  
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Figure 4.3:  Measured and calculated 1PA spectra of the 8 compounds.  The solid trace is 

the measured spectrum, the vertical bars represent the calculated transitions, and the 

dashed line is a convolution over the calculated transitions. 

The measured and calculated 2PA cross sections of each compound within the window of 

interest are presented in Figure 4.3.  The a-series compounds exhibited broad absorption 

over the probed range of 300 nm to 370 nm and absorption maxima around 330 nm.  The 

maximum 2PA cross section for these compounds ranged from just under 50 GM to just 

1a 1b 

2a 2b 

3a 3b 

4a 4b 
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over 100 GM with 4a exhibiting the largest cross section, 108 GM.  Compounds 2a and 

4a both showed the presence of an additional absorption peak at 360 nm.  The shape of 

the spectrum for the b-series compounds is markedly different than for the a-series.  

Compounds 2b, 3b, and 4b each had an absorption minimum at 330 nm with increasing 

absorption to the high and low energy ends of the spectrum and an absorption maximum 

around 360 nm.  The cross sections of 2b and 3b were 110 GM and 90 GM respectively.  

Compound 1b however, exhibited a very similar spectrum to that of 1a with an 

absorption maximum around 330 nm and a max cross section of 61 GM. 

Compound Cross Section (GM) 

1a 21.3 ± 6.1 

1b <8.2 

2a <8.2 

2b <8.2 

3a 12.3 ± 5.0 

3b 19.3 ± 1.7 

4a 8.2 ± 1.4 

4b 30.8 ± 8.3 

Table 4.1:  2PA cross section values at 405 nm. 

Table 1 presents the 2PA cross section at 405 nm for each compound.  The 2PA cross 

section at 405 nm of 1b, 2a and 2b were below the detection limits for our experimental 

setup, ~8 GM.  The lowest measured cross section was 8.2 GM for 4a. The 

measurements at 405 nm (two-photon equivalent) extended the range probed and 

facilitated comparisons to the dissociation experiments which were measured using an 

810 nm light source. 

Figures B1-B8 show the power dependence for the 2PA cross sections measurements for 

each compound.  The cross sections for each compound depended linearly on the power 
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of the 810 nm pump pulse as expected for a two-photon excitation involving one photon 

each from the pump and probe beams. 

 

Figure 4.4:  Two-photon induced dissociation over time using 810 nm light. 

Figure 4.4 presents the rate of dissociation for the compounds with leaving groups.  A 

general trend is that the b-series compounds dissociated faster than the a-series 

compounds.  The compounds with the cysteamine leaving group, 3a and 3b dissociated 

the fastest compared to the others in their respective series and the compounds with cys-

FMOC leaving groups dissociated the slowest. 
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4.4 – DISCUSSION 

4.4.1 – Nature of the 1PA and 2PA Transitions 

For each of these 8 compounds, the first, second, and third transitions dominated the 

spectra within measured window from 300 nm to 400 nm.  These transitions are from the 

HOMO, HOMO-1, HOMO-2, and HOMO-3 to the LUMO (Figures B9-B17) and are 

characterized as involving orbitals delocalized across the conjugated π system of the 

NDBF core with a few orbitals from some compounds exhibiting electron density on the 

leaving groups.  For 1a, 1b, 2a, and 2b the dominant transitions are characterized by 

being mostly from the HOMO or HOMO-1 orbitals to the LUMO and are from orbitals 

evenly distributed across the NDBF core to orbitals delocalized across the core, but with 

electron density shifted towards the nitro group.  Compounds 3a, 4a, and 4b are 

dominated by transitions from the HOMO-1 to the LUMO.  These orbitals are 

characterized as being similar to the orbitals for 1a-2b.  While the dominant transition for 

3b is also from the HOMO-1 to LUMO orbitals, the HOMO-1 orbital for this compound 

is characterized as having substantial electron density on both the NDBF core and on the 

cysteamine leaving group.  Many of the higher energy transitions for each of these 

compounds also had contributions from orbitals with electron density on the leaving 

group.  These orbitals do not greatly influence the 1PA spectra because only one of the 

lower energy transitions dominate the spectra for these compounds.  For many of the a-

series compounds, however, the 2PA spectra within the measured window are influenced 

by both the lower and higher energy transitions.  At 405 nm, the cross section for both 

series is not significantly influenced by the leaving group with the exception of 3b. 
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Within the measured spectral window, we assign the strongest calculated transition(s) as 

being responsible for the measured 1PA and 2PA spectra.  For the a-series compounds, 

the tail of the transitions at ~360 nm and ~370 nm are assigned as being responsible for 

the 2PA cross section at 405 nm because those transitions are closest in energy to 405 nm 

and exhibit the strongest absorption.  No strong transition lower in energy than 405 nm 

was predicted that is >10% the strength of the 360 nm transition for any compound.  For 

the b-series compounds, the dominant transition closest to 405 nm is assigned as being 

responsible for the 2PA cross section at 405 nm. 

 

Figure 4.5:  Ground state and excited state NTOs for the dominant transition for each 

compound. 
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Figure 4.5 presents the ground state and excited state NTOs for the strongest calculated 

transition of each compound within the window of interest.  For each compound, the 

dominant transition is characterized as being a π to π* transition to and from orbitals 

delocalized across the conjugated NDBF core with electron density shifting towards the 

nitro group.  The shift in electron density is likely due to the electron withdrawing ability 

of the nitro group as well as the electron donating ability of the methoxy group in the 

case of the b-series compounds.  The NTOs for each compound show little to no electron 

density on the leaving groups.  This is consistent with what has been previously 

published about the NDBF system and indicates that the choice of leaving group does not 

greatly influence the nature of 1PA and 2PA transitions for these NDBF systems.
129

   

Differences in the amount of charge transfer for the dominant transitions between the 

compounds could contribute to the differences seen in the cross section and absorption 

maxima for the 1PA and 2PA spectra.  The degree of charge transfer character of a 

transition can be determined by using a procedure reported by Peach et. al. and is 

evaluated by determining the orbital overlap between the ground and excited state 

orbitals.
173

  This quantity is symbolized as Λ, and ranges between 0 and 1 with 1 being a 

local excitation with total overlap between ground and excited state electron density and 

0 being a charge transfer excitation with no overlap between ground and excited states 

orbitals.  Table 4.2 gives the values of Λ for the dominant transitions of each compound. 

Compound 1a 1b 2a 2b 3a 3b 4a 4b 

Λ 0.5806 0.5140 0.5195 0.4965 0.4918 0.4821 0.4933 0.4873 

Table 4.2:  Orbital overlap of the dominant transition in each compound. 
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With each leaving group, the b-series compounds exhibited slightly more charge transfer 

character than the a-series compounds, likely due to the additional electron-donating 

methoxy group on the NDBF core.  The values for each compound indicated that the 

dominant transitions had a significant degree of charge transfer character, with 1a having 

the least.  Even though the compounds had very similar charge transfer character to one 

another, modest differences in the degree of charge transfer could be a contributor to the 

modest differences seen in the 1PA and 2PA cross sections of between the compounds. 

4.4.2 – Comparison of 2PA Cross Sections and Dissociation 

The absorption cross section is not the only factor in evaluating the effectiveness of a 

photocage.  The overall dissociation quantum yield also plays role and influences the 

overall dissociation rate.  Several variables factor into the overall dissociation quantum 

yield of a photocage after it absorbs light such as the fraction of photocages that initially 

dissociate and the fraction that geminately recombine after dissociating.  The 2PA cross 

sections for these compounds differ by up to a factor of two, however the nature of the 

absorption changes very little between the compounds.  The observed trends in the 

strength of the 2PA cross section at 405 nm and in the overall dissociation rates were 

different for these compounds.  There was also no consistent correlation between the 

strength of 2PA cross section or dissociation rate and the bonding motif of the leaving 

group, whether bonded through oxygen or sulfur.  Comparing the dissociation rates of the 

compounds within their respective series, 3a and 3b, with cysteamine leaving groups, 

were observed to dissociate faster than the compounds with the other leaving groups by a 

factor of 3-4.  However, these compounds did not exhibit the highest 2PA cross section at 

405 nm within their respective series. 
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Comparing 2a and 2b with 3a and 3b, respectively, the larger overall dissociation rate of 

the compounds with cysteamine leaving group could be due to the differing bonding 

motifs between the two different leaving groups.  The acetate and cysteamine leaving 

groups are of a similar size/mass, but one is bonded through a carbon-oxygen bond and 

the other through a carbon-sulfur bond.  The carbon-sulfur bond, being weaker than the 

carbon oxygen bond, could explain the difference in the dissociation rates.  When 

compared to the compounds with the cys-FMOC leaving groups, though also bonded 

through a carbon-sulfur bond, the cys-FMOC leaving group is 4-5 more massive.  

Comparing 2a and 2b with 4a and 4b, the larger mass of 4a and 4b could compete with 

the weaker C-S bond, lowering the overall dissociation rate. 

There is no evidence of strong contributions to the absorption spectrum or dissociation 

from any of the leaving groups which suggests the dynamics of dissociation are similar.  

One possible reason for the difference in observed trends between 2PA cross section and 

two-photon induced dissociation rate could be differences in either the fraction of 

photocages that initially dissociate or the geminate recombination fraction between the 

compounds.  The compounds with the cys-FMOC leaving groups dissociate with a 

slower overall rate than the other compounds within their respective series but 4b 

features the largest absorption cross section at 405 nm.  As previously mentioned, the size 

of the cys-FMOC leaving group could be a factor.  Immediately following dissociation, a 

leaving group and the photocage it was attached to are still within proximity to one 

another for a time until diffusion naturally separates them or recombination of the two 

occurs.  The larger leaving groups could hinder cage escape and subsequent diffusion, 

decreasing the fraction of molecules which remain dissociated.  Not only is it possible 
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that the geminate recombination fraction could be larger for larger compounds, but the 

fraction of molecules that initially dissociate could be as well.  Larger leaving groups, 

like cys-FMOC, have more degrees of freedom decreasing the fraction that dissociate 

prior to vibrational relaxation via transfer to the surrounding solvent.  With more degrees 

of freedom, the molecule can better distribute the energy gained from the absorbed light 

after internal conversion.  These factors could be the reason for the low overall 

dissociation rate for 4a and 4b. 

 

4.5 – CONCLUSION 

Few studies have been published investigating the effect that the leaving group has on the 

absorption and dissociation properties of photocage systems.  In this work, the 2PA cross 

sections and two-photon induced dissociation rates of 4 NDBF based photocage-leaving 

group systems were measured and compared to the previously measured 2PA cross 

sections of 2 compounds with other leaving groups.  The different leaving groups 

exhibited 2PA cross section differences of up to a factor of four with only minor shifts 

seen in their absorption maxima.  Compared to the photocage without a leaving group, 

the absorption spectrum had as much as a 50 nm shift to longer wavelengths and 

decreased in strength by up to a factor of 2.  Differences in the dissociation rate of up to a 

factor of 4 were measured between the photocages.  Compounds with leaving groups of 

similar size/mass featured different dissociation rates due to leaving group bonding motif, 

with the weaker C-S bond dissociating faster than C-O.  For both the a-series and b-series 

compounds, the largest leaving group, cys-FMOC, dissociated the slowest.  This was true 
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even for 4b which was measured to have the highest 2PA cross section at the wavelength 

of dissociation.  This points to differences in the dissociation dynamics, such as a lower 

fraction of photocages that initially dissociate and/or a greater fraction of 

photocages/leaving groups that recombine after dissociation. The dynamics of 

dissociation will be proved in future works. 
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Chapter 5 

The Dynamics of Dissociation in NDBF-

Based Photocages 

 

5.1 - INTRODUCTION 

Dissociation in the condensed phase is complex and often involves many factors that 

influence the rate of dissociation such as viscosity and the dissociation product 

mass/size.
220–225

  The overall dissociation rate, Rdiss, for a photocage is proportional to its 

dissociation cross section, δdiss, which is a representation of how well a photocage 

absorbs light and uses that energy to break the bond between photocage and leaving 

group.
27,30

 The dissociation cross section is dependent on two quantities, the absorption 

cross section, σAbs, and the overall dissociation quantum yield,   .  In Chapters 3 and 4, 

it was demonstrated that the trend in the strength of the 2PA cross section for the 

photocages studied did not follow the trend in overall dissociation rate of those 

compounds.  Compounds which exhibited comparatively higher 2PA cross sections were 

found to have comparatively lower dissociation rates and vice versa.  This suggested that 

the dynamics of dissociation, namely the overall dissociation quantum yield, is different 

between the compounds studied.  Both the choice of leaving group and modification of 

the structure of the photocage were found to influence the dissociation dynamics.  

Directly probing the dissociation dynamics of a photocage is key to predicting how well 
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that photocage can be applied in different situations and with different samples.  The 

quantum yield of initial dissociation and the fraction of molecules that geminately 

recombine both play a role in determining the overall dissociation quantum yield, and 

thus, the overall dissociation rate for a photocage.  The overall dissociation quantum 

yield is the fraction of photocages that remain dissociated after absorbing light and the 

quantum yield of initial dissociation,   , refers to the fraction of photocages that initially 

release their leaving groups after absorbing light. The geminate recombination fraction, 

  , refers to the fraction of leaving groups that recombine with their photocage after 

dissociation.  Equation 5.1 shows the quantities that influence the dissociation cross 

section, and thus, the overall dissociation rate. 

                       
 
  

 
     (5.1) 

The dissociation dynamics of photocages are not well known and apart from one-photon 

induced dissociation quantum yields and overall dissociation rates, they are rarely 

reported.  The extent to which the structure of the photocage and the leaving group, such 

as the leaving group bonding motif, leaving group size, or modifications made to the 

structure of the photocage, have on the dissociation dynamics is not well understood.  In 

order to design photocages that exhibit large 2PA cross sections and fast overall 

dissociation rates, an understanding of not only absorption, but also the dissociation 

dynamics is needed.  Some of the factors that influence the dynamics of dissociation can 

be probed.  This chapter describes an initial investigation into the dissociation dynamics.   

One of the factors of the dissociation dynamics, the amount of photocages that initially 

release their leaving groups after absorption occurs, was measured and compared to 
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different photocages and to a photocage with different leaving groups.  The structures of 

the compounds used in this chapter are shown in Figure 5.1. 

Figure 5.1:  Compounds used in this chapter.  Red denotes the leaving group. 

In order to probe the dynamics of dissociation, a spectroscopic handle for the dissociation 

process needed to be identified.  Figure 5.2 shows the calculated 1PA spectrum of the 

undissociated and dissociated form of 1.  (These calculations were performed using the 

method described in Chapter 2 of this dissertation.)  

 

Figure 5.2:  Calculated 1PA spectra of the undissociated and dissociated forms of 1.  The 

dissociated form of 1 is included. 
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Much of the absorption for these compounds occurs to shorter wavelengths than 400 nm.  

In previous investigations, such as those in Chapters 3 and 4, a sapphire crystal was used 

to generate a continuum probe with wavelengths from 750 nm to 450 nm.  For this initial 

investigation, to reach a wavelength that features a large difference in the absorption 

spectrum between the dissociated and undissociated compounds, a CaF2 crystal was used 

which extended the range we can probe to 350  nm. 

At 365 nm, the spectrum for the dissociated form of 1 features a calculated molar 

absorptivity of more than double that for the undissociated form.  This wavelength 

represented an ideal handle for where to probe the dissociation dynamics.  When the 405 

nm pump pulse interacts with the sample and initiates dissociation, the absorption of the 

sample is calculated to increase.  The difference in absorption before and after irradiation 

is proportional the amount of dissociation.  Since the 1PA spectra don’t significantly 

change from leaving group to leaving group and only slight shifts in spectra are seen 

between 3 and 1, it is expected that the OD of 2 and 3 will also change similarly to 1. 

 

5.2 – EXPERIMENTAL 

The samples were all contained in a 3 mm path length quartz cuvette (Starna 23-3.45-Q-

3) and dissolved in d6-DMSO.  The solution for 1 had a concentration of 1.855 mM, 2 

had a concentration of 0.48 mM, and 3 had a concentration of 0.68 mM.  The OD for 

each solution was: 0.23 for 1, 0.41 for 2, and 0.24 for 3. 

The technique of measuring the amount of initial dissociation is based on a standard 

pump/probe setup. A homebuilt Ti:sapph based laser was used to generate 810 nm pulses 
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at a 1 kHz repetition rate.  The pulses were Gaussian in profile and had a FWHM of 12 

nm and had a pulse duration of 90 fs, as determined by autocorrelation.  After exiting the 

laser, the pulses were split in two, a ‘pump’ pulse and a ‘probe’ pulse, and where sent to 

separate mechanical delay stages which controlled the relative time each pulse reached 

the sample.  The pump went through a BBO which generated 405 nm light and was 

mechanically chopped to 500 Hz.  The probe pulse was focused into a 2 mm thick CaF2 

crystal which generated a continuum from ~350 nm to 750 nm.  The CaF2 crystal was 

circularly translated to prevent photodamage from the high light intensity, while 

maintaining a constant crystal axis.  Waveplate/polarizer pairs were used to attenuate the 

power of each pulse and to set the relative polarization of the beams parallel to one 

another.  The pump had an energy per pulse of 400 nJ and a beam diameter of 420 μm 

(Gaussian FWHM).  The probe had a pulse energy of 1.6 uJ and a beam diameter of 165 

μm (Gaussian FWHM).  The beams were focused and crossed in the sample.  After 

passing through the sample, the probe light was spectrally dispersed and detected on a 

linear 256 pixel photodiode array.  The change in optical density, ΔOD, of the sample 

with and without the pump present was measured for each time delay. 

Using this setup, the amount of photocages that initially dissociate was determined by 

measuring the absorption of the sample before and after dissociation occurred.  It is 

expected, due to the calculated increase in OD, that the pump/probe spectra will feature a 

ΔOD that is above baseline and exhibit a very slow decay, due to the creation of the 

dissociation product. 
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5.3 – RESULTS & DISCUSSION 

A large, non-resonant scattering signal was detected from the solvent.  This signal was 

only detected when the pulses were overlapped (± 500 fs) and decayed to baseline when 

outside of the pulse overlap.  This scattering signal made it difficult to detect the initial 

change in absorption around time zero and thus, monitor the early time dynamics.  Figure 

5.3 shows the pump/probe plots for each compound. 

 

Figure 5.3:  Pump/Probe spectra of 1-3. 

1 

2 

3 
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Figure 5.4:  ΔOD of each compound over time at a probe wavelength of 365 nm. 

Figure 5.4 shows the ΔOD of each compound over time.  The signal from the dissociated 

compounds decay slowly over time so the ΔOD of the sample from 500 fs to 30 ps was 

averaged to determine the amount of photocages initially dissociated.  To correct for 

differences in solution optical density and to facilitate comparison, the amount of 

photocages initially dissociated per photon absorbed, I, was determined using Equation 

5.2. 

     
 

      
   

   

         (5.2) 

In Equation 5.2, A is the amount of photocages that initially dissociate, OD is the optical 

density of the solution, P is the power of the pump pulse, λ is the wavelength of the 

pump, and h and c are Plank’s constant and the speed of light, respectively.  By 

calculating I for each compound, the amount of initial dissociation for each compound 

can be compared. 

1 2 3 
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Table 5.1 gives the cross section at 405 nm, the overall dissociation rate, and I for these 

three compounds.  Each of these quantities is normalized to 1. 

Compound σAbs(405) Dissociation Rate  I 

1 1 1 1 

2 3.72 2.25 4.33 

3 0.67 0.40 6.22 

Table 5.1:  Normalized cross section at 405 nm, overall dissociation rate, and I for 1-3.  

Each quantity is normalized to 1. 

Compared to 1, 2 exhibits a cross section at 405 nm that is nearly 4 times greater, a 2 

times greater dissociation rate, and nearly a 4 times greater amount of photocages 

dissociating per photon absorbed.  Compound 3, when compared to 1 on the other hand, 

features a cross section that is 2/3 as large, a dissociation rate smaller by more than a 

factor of 2, but the amount of photocages that dissociate per photon absorbed is over six 

times greater. 

Compared to 1, 2 features a larger σAbs, dissociation rate, and I.  The enhancement of 

these quantities for 2 is due to the additional phenyl ring on the chromophore backbone, 

extending the conjugation.  It was not expected that the amount of initial dissociation 

would be significantly larger for 2 than 1.  This is because 2 has additional degrees of 

freedom due to its larger size than 1, allowing for the absorbed energy to be more 

distributed and less of a chance to break the bond between leaving group and photocage.  

It is possible, however, that the additional conjugation on 2 stabilizes the photocage 

dissociation product, leading to a slight lowering of the energy needed to break the bond. 

Compared to 1, the cross section and dissociation rate for 3 are both smaller, but I is 

disproportionately larger.  This difference in observed trends indicates that the other 
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factors are influencing the dissociation dynamics, namely the fraction of photocages 

which recombine.  In Chapter 3 it was hypothesized that the size of a leaving group could 

influence its dissociation dynamics, with larger leaving groups theorized to have lower 

initial dissociation quantum yields and higher recombination fractions due to having 

more degrees of freedom and slower diffusion through solution, respectively.  The 

influence of molecule size on recombination rate has been studied previously.
226,227

 This 

hypothesis further was supported by the lower overall dissociation rate of 3 compared to 

1. 

Not only is it possible that the size of the leaving group is influencing the dissociation 

dynamics for these compounds, but the size of the photcage could be as well.  This is 

evidenced by comparisons of 1 and 2.  Compound 2 has more than a four times greater 

amount of photocages that initially dissociate compared to 1, but the overall dissociation 

rate is only a bit over twice as fast as the dissociation rate for 1.  This indicates that the 

recombination rate is higher for 2 than for 1.  The cause for this difference is the extra 

phenyl ring in 2.  While both 1 and 2 have the same leaving group, 2 has a larger 

photocage.  After dissociation, it is possible that the photocage dissociation product, 

being larger, moves through solution slower, spending more time near the dissociated 

leaving group and increasing the chance for recombination. 

It was not expected that 3 would have a larger initial dissociation, due to having more 

degrees of freedom to distribute the absorbed light energy.  In a statistical dissociation on 

the ground electronic surface, a larger number of degrees of vibrational freedom will 

reduce the rate of dissociation, and thereby reduce the initial dissociation yield as it 

becomes less competitive with other relaxation channels.  With this new measurement of 
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the initial dissociation for these compounds, it can be concluded that the geminate 

recombination fraction is implicated as another important factor to consider when 

comparing leaving groups.  The slow decay, over nanoseconds, of the signal from the 

dissociated compounds could reflect the amount of recombination occurring.  Directly 

probing this in the future will further our understanding on how the structure of the 

chromophore and leaving group influence the overall dissociation rates of photocages. 

 

5.4 – CONCLUSION 

This chapter presented a prefatory investigation into whether the dynamics of 

dissociation can be probed and, if so, what information they can tell us about the NDBF 

photocage system.  It was determined that even with a lower overall dissociation rate, a 

compound can exhibit a larger fraction of photocages which initially dissociate.  This 

stresses the importance of understanding how molecular design changes the overall 

dissociation rate by influencing all of the factors that make up the dissociation cross 

section, with no one factor dominating the rate. 

While this was only an initial study into the dissociation dynamics of photocages, it 

offers clear evidence that the details of the dissociation dynamics cannot be ignored when 

building a complete understanding of overall 2PA dissociation efficiency in photocages.  

In this dissertation, the methods for measuring the absorption cross section, the overall 

dissociation rate, and the fraction of photocages that initially dissociate were described.  

To complete the picture of how structure affects the photophysical properties of 

photocages, further investigations should be undertaken to also measure the fraction of 
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compounds that recombine after dissociation.  With a complete understanding of how 

structural modification of photocages and leaving groups affect all of these factors, more 

efficient photocages that exhibit fast dissociation, low recombination rates, large quantum 

yields of dissociation, and large 2PA cross sections can be synthesized. 
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Chapter 6 

Computational Investigation of Future 

Photocages of Interest 

 

Throughout this dissertation, computational predictions were used to supplement 

experiment.  In Chapter 2, the methods used to predict one and two-photon spectra were 

tested for accuracy against sets of test molecules.  It was determined that the B3LYP 

functional calculated 2PA cross sections that were in good agreement with experimental 

observation. Chapter 3 investigated the effect that additional electron withdrawing groups 

and extending the conjugation of the NDBF core had on the photophysical properties of 

the system.  Calculations using B3LYP were used to determine the nature of the 

transitions.  It was found that the modifications did not change the nature of the dominant 

transitions of the NDBF system.  The investigations presented in Chapter 4 used 

calculations to determine the role that the leaving group had on the properties of the 

NDBF photocage and it was found that different leaving groups had a modest effect on 

the size of the 2PA cross section.  This chapter aims to apply the information learned 

about these computational methods, their accuracy and utility, and use computational 

prediction to test several hypotheses on how structure may enhance absorption properties.  

The results are intended to help guide future new directions in NDBF photocage 

development. 
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The structures (Figures 6.1-6.3) studied were chosen to investigate four hypotheses: 

1. A dimeric form of the NDBF chromophore will enhance it its 2PA cross section 

with the amount of enhancement dependent on the degree of electronic coupling 

between the two chromophoric units. 

2. Replacing the heteroatom of the central five-membered ring with N, S, or C will 

change the amount of light that is absorbed and shift the wavelength where it will 

absorb. 

3. A change in the donor-π-acceptor (D-π-A) motif of the NDBF system to an 

acceptor-π-acceptor (A-π-A) motif will increase the 2PA cross section. 

4. The inclusion of a second electron acceptor group near the leaving group will 

increase the 2PA cross section. 

As a point of reference and for comparison to the hypothesized structures, the calculated 

2PA cross sections of the unmodified NDBF photocage and the methoxy modified NDBF 

photocage, both with the cysteamine leaving group, (1 and 2 in Chapter 3) are reproduced 

in Figure 6.1.  The two-photon absorption cross section of each compound was calculated 

using the methods described in Chapter 2. 
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Figure 6.1:  Calculated 2PA cross sections of the unmodified (top) and methoxy 

modified (bottom) NDBF photocages with the cysteamine leaving group. 

 

6.1 – HYPOTHESIS 1:  NDBF DIMERS 

It has been demonstrated previously that in conjugated organic molecules, dimers can 

exhibit greatly enhanced 2PA cross sections when compared to their monomeric 

counterparts.
228,229

  Based on this, we chose to explore dimers of the NDBF chromophore 

with the proposed structures in Figure 6.2.  The degree of electronic coupling between the 

two units is of primary interest with the prediction that the more the electronic coupling 

between the monomers, the greater the 2PA cross section. By using different conjugated 

and non-conjugated linkers, the effect that the coupling between monomeric units has on 

enhancing the 2PA cross section can be determined. 

1 

2 
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Figure 6.2:  Compounds used to test Hypothesis 1. 
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Figure 6.3:  Calculated 2PA spectra of 3-6. 

Figure 6.3 presents the calculated 2PA spectra of 3-6.  Compound 3 exhibits three 

absorption peaks at 270 nm, 370 nm, and 455 nm, respectively, with a calculated 

maximum cross section of 173 GM at 270 nm.  Compound 4 has a single peak at 370 nm 

with a cross section of 200 GM.  Compounds 5 and 6 have a cross section nearly an order 

3 

4 

5

5 

6 
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of magnitude higher than 3 and 4 at their peaks, around 2000 GM at 435 nm and 415 nm, 

respectively. 

The 2PA spectra of 3-6 suggest that the degree of conjugation/electronic coupling 

between two linked NDBF units has a significant impact on the calculated 2PA cross 

section.  With less electronic coupling between the two attached chromophores in the 

case of compounds 3 and 4, the 2PA cross sections are similar to 1.  However, when the 

two are connected via a conjugated linker such as through an alkene or alkyne, the 2PA 

cross section is increased by an order of magnitude and the spectrum is redshifted by as 

much as 60 nm.  Figure 6.4 shows the ground state and excited state NTOs for the largest 

transitions of the four molecules within the spectral region of interest. 

 

Figure 6.4:  NTOs for the major transitions of compounds 3-6. 



91 

 

Analysis of the NTOs in Figure 6.4 indicated that the transitions for 3 are from ground 

states distributed across the photocage backbone and leaving group of one of the NDBF 

units to excited states delocalized across the backbone of that same NDBF unit with little 

electron density on the leaving group.  The lack of electron density across both NDBF 

units in the same ground or excited state NTOs for compound 3 reflects that the 

electronic coupling between the two photocage units is low.  The NTOs for the 

transitions of compound 4 indicate a different character.  The ground states of both major 

transitions show electron density located across the photocage backbone of both NDBF 

units.  The excited states show the same, but with the density shifted to be more localized 

around each nitro group and less density around the alkane linker.  The NTOs indicate 

involvement of both NDBF units during the same transition.  This was unexpected 

because, like 3, there is no conjugation between the two monomers and little coupling 

through the alkane linker.  Even though the electron density is shared between the two 

monomers, no significant increase in the 2PA cross section is observed.   The different 

nature of the transitions between compounds 3 and 4 is the cause of the differences seen 

in the 2PA spectra between these molecules with three distinct peaks being present in the 

spectrum for compound 3 while one is present in the spectrum for compound 4.  The 

nature of the transitions for compounds 5 and 6 are very similar to each other.  The 

ground states are characterized by electron density delocalized across the backbone of the 

two NDBF units and the excited states are characterized by electron density distributed 

across the backbone, but shifted towards both nitro groups with less density located 

around the linkers.  The large increase in 2PA cross section exhibited in compounds 5 

and 6 when compared to the cross section of 1 and 2 are due to the extended conjugation 
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of these compounds.  Because of the conjugated alkene and alkyne linkers, there is much 

more electronic coupling between the two monomers, increasing its 2PA cross section.  

The use of NDBF dimers, when joined via a conjugated linker, greatly increase the 2PA 

cross section and redshift the two-photon absorption maxima when compared to the 

reference compounds 1, and 2. 

 

6.2 – HYPOTHESIS 2:  CHANGING THE CENTRAL HETEROATOM 

Two-photon absorption cross section enhancement by changing heteroatoms has been 

reported previously.
230

  In a study by Zheng et. al., the effect of nitrogen and sulfur 

heteroatoms on the 2PA cross section of bis(diarylaminostyryl) chromophores found that 

compounds with sulfur heteroatoms had a cross section twice that of compounds that 

featured nitrogen heteroatoms.  We computationally investigated the impact that 

changing the heteroatom of the central ring of NDBF has on its 2PA cross section.  The 

heteroatom was changed from oxygen to sulfur, nitrogen, and carbon.  Figure 6.5 

presents the structures used to test this hypothesis.  For 9, the deprotonated form was 

used because the conjugation was similar to the other compounds and better facilitated 

comparison with the other photocages.  The fully protonated form of 9 (fluorene) was not 

used because the upper portion of the central 5-membered ring is not conjugated unlike in 

the other compounds in the series. 
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Figure 6.5:  Structures used to test Hypothesis 2 with different heteroatoms on the 

central ring. 
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Figure 6.6:  Calculated 2PA spectra of 7-9. 

Figure 6.6 presents the 2PA spectra for 7-9.  The spectra each contain two distinct peaks.  

Compounds 7 and 8 are very similar and have a peak around 260-270 nm and another 

around 360 nm while the peaks of 9 are shifted from the other compounds to longer 

wavelengths by ~80-90 nm.  The maximum cross sections of the compounds are all ~30 

GM, with the lower energy peak being the larger of the two. 

9 

8 

7 
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Figure 6.7:  NTOs for the strongest transition for 7-9. 

Replacing the oxygen of the central ring of NDBF with sulfur or nitrogen does not 

greatly change the maximum 2PA cross section when compared to 1.  However, when 

carbon is used as the heteroatom to create a photocage backbone, which contains a 

fluorenyl anion, the 2PA spectrum is redshifted by up to 100 nm.  Figure 6.7 shows the 

NTOs for 7-9.  The dominant transitions for 7 and 8 are similar in nature to 1 with an 

oxygen heteroatom.  The ground and excited states are characterized by electron density 

being delocalized across the NDBF backbone with the excited state having density 

shifted more towards the nitro group.  Compound 9 differs in that the ground state has 

much less electron density on the nitro group and a stronger shift in electron density to 

the nitro group in the excited state.  These differences in the nature of the transition are 

likely due to the extra negative charge on the heteroatom changing the electronic 

structure of the molecule.  This is observed through comparison of the NTOs for these 

compounds and is likely what gives rise to the observed redshift of the 2PA maxima.  
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The choice of heteroatom causes only modest differences in the size of the 2PA cross 

section, but, in the case of 7, the deprotonated carbon caused a shift in the 2PA maximum 

by 75 nm. 

 

6.3 – HYPOTHESES 3 & 4:  DIFFERENT ELECTRON DONATING AND 

ELECTRON ACCEPTING MOTIFS 

Various combinations of electron donors and electron acceptors connected via π-

conjugated bridges have been reported to increase 2PA cross sections.
162,231,232

  Such 

combinations include D-π-A, D-π-D, and A-π-A, where D is an electron donating group 

and A is an electron accepting group.  It is hypothesized that by adding a nitrile group 

opposite the nitro group on the  NDBF chromophore will enhance the 2PA cross section 

by creating an A-π-A motif,  10 (Figure 6.8).  Likewise, it is proposed that the 2PA cross 

section will be enhanced by increasing the electron accepting character of the NDBF 

chromophore by adding a second electron withdrawing group near the leaving group, 11, 

(Figure 6.8). 

 

Figure 6.8:  Compounds used to test hypotheses 3 and 4. 
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Figure 6.9:  Calculated 2PA spectra of 10 and 11. 

Figure 6.9 presents the 2PA spectra of 10 and 11.  Two absorption peaks are present in 

the spectrum of 10, one at 475 nm with a cross section of ~5 GM and another at ~350 nm 

with a cross section of 28 GM.  Compound 11 also has two peaks, one at 275 nm with a 

cross section of 200 GM and another one at 415 nm with a cross section of around 90 

GM. 

10 

11 
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Figure 6.10:  NTOs for relevant transitions for 10 and 11. 

Changing the D-π-A motif of the NDBF photocage to an A-π-A motif, as in the case of 

compound 10, does not increase its 2PA cross section when compared to 1 nor does it 

shift the spectrum substantially.  Compound 10 is calculated to absorb at similar 

wavelengths to 1 and features similar absorption cross sections.  This points to A-π-A 

motifs for the NDBF molecule having little to no effect on the 2PA cross section.  

Compound 10 exhibits not only similar absorption spectra as 1, but also exhibits similar 

NTOs (Chapter 3) indicating that the A-π-A motif does not influence the nature of the 

dominant transitions for NDBF. 

Comparing the calculated 2PA spectrum for 11 with the 2PA spectrum for 2, the addition 

of a second acceptor group near the leaving group does not increase the calculated 2PA 

cross section of the NDBF photocage or shift the spectrum.  The NTOs (Figure 6.10) for 

the transitions at ~415 nm in 11 show that the ground state for both of these transitions 

are characterized as being delocalized across both the NDBF backbone and the leaving 
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group.  The excited state for these transitions are characterized by electron density 

delocalized across the backbone, but shifted more towards the nitro group and less 

density on the leaving group.  Compared to the NTOs for 2 (Chapter 3), 11 exhibits much 

more influence from the leaving group, but the 2PA cross section and absorption maxima 

are similar.  The similar 2PA cross sections of 10 and 11 when compared to 1 and 2, 

respectively, as well as the similar transition nature, indicates that an A-π-A motif and 

additional electron accepting groups near the leaving group do not significantly increase 

or redshift the 2PA cross section of the NDBF photocage. 

 

6.4 – CONCLUSION 

When considering molecular design for future photocages, photocage dimers coupled via 

a conjugated linker offers the greatest enhancement of the 2PA cross section.  In this 

chapter, it was demonstrated that extending the conjugation across a dimer (3-6) has the 

ability to increase the 2PA cross section by an order of magnitude.  An attempt to 

construct an A-π-A motif or adding extra electron acceptors near the leaving group (10 & 

11) did not show much in the way of increasing the 2PA cross section and didn’t 

substantially shift the absorption spectra to longer wavelengths.  It is reasonable to 

conclude that, in their current forms, such structures would offer little benefit to 

photocaging applications with most leaving groups.  Exchanging the heteroatom of 

NDBF for other elements showed no significant difference in the strength of the 2PA 

cross section, but the use of a carbon anion significantly shifted the spectrum to longer 

wavelengths.  The use of nitrogen and carbon atoms in the five-membered ring opens up 
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the intriguing possibility of further synthetic modification such as additional electron 

donating/accepting groups or extended conjugation while retaining the same 2PA cross 

section 

This chapter focused on calculating the 2PA cross section of compounds which could 

exhibit stronger absorption.  However, ability of these compounds to dissociate and the 

dynamics of that dissociation were not investigated.  Likewise, this chapter makes no 

inferences as to the synthetic accessibility of the proposed compounds.  The results of 

this chapter suggest that the dimer of NDBF, due to the greatly increased 2PA cross 

section and the fact that it carries two leaving groups, possibly increasing the dissociation 

yield, should be synthetically pursued and the focus of further investigation.  Additional 

NDBF compounds featuring different heteroatoms should also be pursued as the 

additional sites for modification open up new possibilities for modification of the 

photophysical properties of the NDBF photocage. 
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Appendix A 

 

This appendix contains additional information, plots, and data regarding Chapter 3.  The 

dependence of the two-photon signal on the power of the pump pulse is shown to be 

linear.  Figures A1-A4 give the power dependence for 1-4. 

 

Figure A1:  Power dependence for compound 1. 

 

Figure A2:  Power dependence for compound 2. 
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Figure A3:  Power dependence for compound 3. 

 

Figure A4:  Power dependence for compound 4. 

Figures A5-A12 give the orbital contributions and energies of each transition and show 

the orbital diagrams for the orbitals involved in each transition.  The energies of each 

orbital are given in eV and are relative to the HOMO. 
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Transition Orbital Contributions Energy (eV) Wavelength (nm) 

1 
 

2.698 458 

 
H --> L 

  

 
H-3 --> L 

  2 
 

3.314 373 

 
H-1 --> L 

  

 
H-2 --> L 

  

 
H-3 --> L 

  

 
H-4 --> L 

  3 
 

3.439 359 

 
H-1 --> L 

  

 
H-2 --> L 

  

 
H-3 --> L 

  

 
H-5 --> L 

  

 
H-7 --> L 

  4 
 

3.5 353 

 
H-1 --> L 

  

 
H-2 --> L 

  

 
H-3 --> L 

  5 
 

3.796 326 

 
H-5 --> L+1 

  

 
H-1 --> L 

  

 
H-3 --> L 

  

 
H-5 --> L 

  

 
H-7 --> L 

  6 
 

4.101 301 

 
H-1 --> L+1 

  

 
H-4 --> L 

  7 
 

4.404 281 

 
H --> L+1 

  

 
H-6 --> L 

  

 
H-7 --> L 

  

 
H-8 --> L 

  

 
H-9 --> L 

  

 
H-10 --> L 

  

 
H-9 --> L+1 

  8 
 

4.416 280 

 
H-7 --> L 

  

 
H-8 --> L 

  

 
H-9 --> L 

  

 
H --> L+1 

  

 
H --> L+2 
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9 
 

4.851 255 

 
H --> L+2 

  

 
H --> L+3 

  

 
H-1 --> L+2 

  

 
H-1 --> L+1 

  

 
H-2 --> L+1 

  

 
H-3 --> L+1 

  

 
H-3 --> L+2 

  10 
 

4.913 251 

 
H-5 --> L 

  

 
H-6 --> L 

  

 
H-7 --> L 

  

 
H-1 --> L+1 

  

 
H-2 --> L+1 

  

 
H-3 --> L+1 

  

 
H --> L+2 

  Figure A5:  Orbital contributions to the calculated transitions for 1.  H = HOMO and L = 

LUMO. 

 

Figure A6:  Molecular orbitals involved in the first 10 calculated transitions of 1. 
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Transition Orbital Contributions Energy (eV) Wavelength (nm) 

1 
 

2.731 453 

 
H --> L 

  

 
H-1 --> L 

  2 
 

3.049 406 

 
H --> L 

  

 
H-1 --> L 

  3 
 

3.368 367 

 
H-2 --> L 

  

 
H-3 --> L 

  4 
 

3.537 350 

 
H-2 --> L 

  

 
H-3 --> L 

  

 
H-5 --> L 

  

 
H-6 --> L 

  5 
 

3.73 331 

 
H-6 --> L+1 

  

 
H-2 --> L 

  

 
H-3 --> L 

  

 
H-4 --> L 

  

 
H-5 --> L 

  

 
H-6 --> L 

  

 
H-7 --> L 

  6 
 

4.151 298 

 
H-4 --> L 

  

 
H-5 --> L 

  

 
H --> L+1 

  7 
 

4.415 280 

 
H-9 --> L+1 

  

 
H-9 --> L 

  

 
H-8 --> L 

  

 
H-6 --> L 

  8 
 

4.497 275 

 
H-1 --> L+1 

  

 
H --> L+1 

  

 
H --> L+2 

  9 
 

4.64 266 

 
H-1 --> L+1 

  

 
H-1 --> L+2 

  

 
H-4 --> L 

  

 
H-5 --> L 

  

 
H-6 --> L 
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H --> L+1 

  10 
 

4.719 262 

 
H-9 --> L 

  

 
H-8 --> L 

  

 
H-6 --> L 

  

 
H-5 --> L 

  

 
H-3 --> L+1 

  

 
H-2 --> L+1 

  

 
H-1 --> L+1 

  

 
H-1 --> L+2 

  Figure A7:  Orbital contributions to the calculated transitions for 2.  H = HOMO and L = 

LUMO. 

 

Figure A8:  Molecular orbitals involved in the first 10 calculated transitions of 2. 
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Transition Orbital Contributions Energy (eV) Wavelength (nm) 

1 
 

2.703 458 

 
H --> L 

  2 
 

3.156 392 

 
H-1 --> L 

  

 
H-2 --> L 

  

 
H-3 --> L 

  3 
 

3.342 370 

 
H-1 --> L 

  

 
H-2 --> L 

  

 
H-3 --> L 

  

 
H-6 --> L 

  4 
 

3.503 353 

 
H-2 --> L 

  

 
H-3 --> L 

  

 
H-6 --> L 

  5 
 

3.756 329 

 
H-6 --> L+1 

  

 
H-1 --> L 

  

 
H-3 --> L 

  

 
H-6 --> L 

  

 
H-7 --> L 

  

 
H-8 --> L 

  

 
H-9 --> L 

  6 
 

4.011 308 

 
H-2 --> L 

  

 
H-4 --> L 

  

 
H-5 --> L 

  

 
H-1 --> L+1 

  7 
 

4.269 289 

 
H-4 --> L 

  

 
H-5 --> L 

  8 
 

4.409 280 

 
H --> L+1 

  

 
H-5 --> L 

  

 
H-9 --> L 

  

 
H-10 --> L 

  

 
H-11 --> L 

  9 
 

4.423 279 

 
H-11 --> L 

  

 
H --> L+1 

  10 
 

4.665 265 
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H-6 --> L 

  

 
H-7 --> L 

  

 
H-2 --> L+1 

  

 
H-3 --> L+1 

  

 
H-1 --> L+1 

  Figure A9:  Orbital contributions to the calculated transitions for 3.  H = HOMO and L = 

LUMO. 

 

Figure A10:  Molecular orbitals involved in the first 10 calculated transitions of 3. 
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Transition Orbital Contributions Energy (eV) Wavelength (nm) 

1 
 

2.624 471 

 
H --> L 

  

 
H-1 --> L 

  2 
 

2.738 452 

 
H --> L 

  

 
H-1 --> L 

  3 
 

3.324 372 

 
H --> L+2 

  

 
H --> L 

  

 
H-2 --> L 

  

 
H-6 --> L 

  4 
 

3.439 359 

 
H-3 --> L 

  5 
 

3.375 366 

 
H-7 --> L+1 

  

 
H-5 --> L 

  

 
H-6 --> L 

  

 
H-7 --> L 

  

 
H-8 --> L 

  

 
H-9 --> L 

  6 
 

3.795 326 

 
H-2 --> L 

  

 
H-5 --> L 

  

 
H-6 --> L 

  

 
H-7 --> L 

  

 
H-2 --> L+1 

  

 
H-7 --> L+1 

  7 
 

3.946 313 

 
H --> L+1 

  

 
H --> L+2 

  

 
H-1 --> L+1 

  

 
H-2 --> L+2 

  8 
 

4.171 296 

 
H --> L+1 

  

 
H-1 --> L+2 

  

 
H-1 --> L+1 

  9 
 

4.349 284 

 
H-2 --> L+1 

  

 
H --> L+2 

  10 
 

4.388 282 

 
H-10 --> L 
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H-10 --> L+1 

  

 
H-9 --> L 

  

 
H-5 --> L 

  

 
H-2 --> L+1 

  Figure A11:  Orbital contributions to the calculated transitions for 4.  H = HOMO and L 

= LUMO. 

 

Figure A12:  Molecular orbitals involved in the first 10 calculated transitions of 4. 

Figures A13- A24 show the pump probe plots of the sample and solvent and the time 

integrated pump probe plots for 1-4. 
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Figure A13:  Full frequency pump probe sample spectrum collected during measurement 

of 2PA cross section for compound 1. 

 

Figure A14:  Full frequency pump probe solvent spectrum (d6-DMSO) collected during 

measurement of 2PA cross section for compound 1. 
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Figure A15:  Integrated spectra for the sample, solvent, and the sample – solvent for 

compound 1. 

 

Figure A16:  Full frequency pump probe sample spectrum collected during measurement 

of 2PA cross section for compound 2. 
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Figure A17:  Full frequency pump probe solvent spectrum (d6-DMSO) collected during 

measurement of 2PA cross section for compound 2. 

 

Figure A18: Integrated spectra for the sample, solvent, and the sample – solvent for 

compound 2. 
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Figure A19:  Full frequency pump probe sample spectrum collected during measurement 

of 2PA cross section for compound 3. 

 

Figure A20:  Full frequency pump probe solvent spectrum (d6-DMSO) collected during 

measurement of 2PA cross section for compound 3. 
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Figure A21: Integrated spectra for the sample, solvent, and the sample – solvent for 

compound 3. 

 

Figure A22:  Full frequency pump probe sample spectrum collected during measurement 

of 2PA cross section for compound 4. 
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Figure A23:  Full frequency pump probe solvent spectrum (d6-DMSO) collected during 

measurement of 2PA cross section for compound 4. 

 

Figure A24: Integrated spectra for the sample, solvent, and the sample – solvent for 

compound 4. 

Relevant Cartesian coordinates of the optimized structures for each compound taken from 

Gaussian. 
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1: 

C 0.588251 0.586658 0.517996 

C 0.191172 1.817327 -0.07704 

C -1.11845 2.081033 -0.50183 

C -2.04291 1.072454 -0.3411 

C -1.7163 -0.16981 0.232986 

C -0.40636 -0.39107 0.663337 

H -1.37064 3.034513 -0.94534 

H -0.14759 -1.33674 1.128971 

C -3.90615 -0.08581 -0.36328 

C -5.23065 -0.45165 -0.55929 

C -5.58813 -1.73552 -0.14331 

C -4.65181 -2.60762 0.442792 

C -3.3273 -2.22041 0.630552 

C -2.94594 -0.93554 0.220559 

H -5.94473 0.227553 -1.01205 

H -4.96991 -3.59831 0.752717 

H -2.60876 -2.89705 1.082982 

O -3.36394 1.135929 -0.70789 

N 1.131077 2.909707 -0.32592 

O 0.676687 4.047563 -0.4796 

O 2.337488 2.654714 -0.39788 

C 1.959472 0.229736 1.081382 

S 3.224365 -0.07628 -0.26145 

C 3.533316 -1.87332 0.006508 

C 4.600476 -2.36849 -0.97194 

H 2.607184 -2.43652 -0.14452 

H 3.869202 -2.02886 1.03844 

H 4.246704 -2.22338 -1.99933 

H 5.512273 -1.75881 -0.8574 

N 4.822063 -3.80854 -0.76966 

H 5.459605 -4.14571 -1.49039 

H 5.319232 -3.94547 0.110758 

H -6.61364 -2.06691 -0.27649 

C 2.479963 1.155151 2.191029 

H 3.374216 0.714017 2.641971 

H 1.717885 1.258009 2.973107 

H 2.739123 2.148246 1.82276 

H 1.834182 -0.75677 1.532675 
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2: 

C -1.35033 -0.61482 0.525907 

C -1.16788 -1.89103 -0.07825 

C 0.082733 -2.3669 -0.50398 

C 1.162227 -1.53203 -0.33289 

C 1.050975 -0.25528 0.250726 

C -0.2052 0.180044 0.679585 

H 0.1716 -3.34542 -0.95542 

H -0.30228 1.152774 1.151226 

C 3.197518 -0.70812 -0.34306 

C 4.559228 -0.57952 -0.53505 

C 5.144961 0.624375 -0.10892 

C 4.366277 1.64428 0.484845 

C 2.995728 1.479035 0.662202 

C 2.390097 0.288139 0.246333 

H 5.162028 -1.35695 -0.98968 

H 4.832083 2.566782 0.807836 

H 2.410939 2.27118 1.119581 

O 2.457288 -1.81625 -0.69833 

N -2.27476 -2.80652 -0.33502 

O -2.01504 -3.99774 -0.53834 

O -3.42777 -2.3615 -0.36364 

C -2.64086 -0.03255 1.092374 

S -3.84711 0.469292 -0.24509 

C -3.83344 2.296596 -0.00516 

C -4.79365 2.957919 -0.99603 

H -2.8218 2.684131 -0.16021 

H -4.13825 2.525494 1.022754 

H -4.46823 2.737376 -2.01936 

H -5.7992 2.520645 -0.87791 

N -4.75814 4.417408 -0.81548 

H -5.32547 4.850715 -1.54351 

H -5.2247 4.65289 0.060866 

C -3.29783 -0.85327 2.212067 

H -4.10867 -0.27172 2.661581 

H -2.55809 -1.0688 2.992681 

H -3.71192 -1.79602 1.853274 

H -2.35248 0.922761 1.536077 

O 6.483906 0.716265 -0.31279 

C 7.165457 1.904832 0.092202 

H 7.078082 2.064382 1.172836 

H 8.212213 1.745619 -0.16869 
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H 6.785021 2.782874 -0.44178 

 

3: 

C -1.8358 -0.67237 0.516731 

C -1.78512 -1.96581 -0.07627 

C -0.59727 -2.56074 -0.52554 

C 0.559574 -1.82631 -0.39206 

C 0.57947 -0.5395 0.178443 

C -0.61917 0.014694 0.633718 

H -0.61021 -3.54818 -0.96615 

H -0.6138 0.996271 1.096978 

C 2.65643 -1.1904 -0.46197 

C 4.02706 -1.18516 -0.67558 

C 4.726494 -0.04359 -0.27975 

C 4.048729 1.064707 0.301534 

C 2.67536 1.025021 0.514663 

C 1.963738 -0.12107 0.134449 

H 4.551422 -2.02217 -1.12207 

H 2.185769 1.882722 0.964363 

O 1.81136 -2.23133 -0.78569 

N -2.97993 -2.7779 -0.2963 

O -2.83834 -3.99405 -0.45963 

O -4.08238 -2.22159 -0.33553 

C -3.05472 0.029845 1.105236 

S -4.22916 0.645541 -0.21326 

C -4.03499 2.463191 0.021444 

C -4.94975 3.213478 -0.94892 

H -2.99477 2.752057 -0.15801 

H -4.29273 2.720504 1.055496 

H -4.67312 2.959563 -1.97884 

H -5.99024 2.877888 -0.80403 

N -4.76555 4.662665 -0.77613 

H -5.30459 5.148531 -1.49234 

H -5.18491 4.945303 0.110046 

C -3.77045 -0.72373 2.23599 

H -4.50924 -0.06372 2.701028 

H -3.04246 -1.016 3.002541 

H -4.28595 -1.618 1.884509 

H -2.6687 0.95282 1.543151 

O 6.076122 0.001352 -0.51682 

C 6.913978 -0.01376 0.654355 



120 

 

H 7.940812 0.027762 0.287202 

H 6.711514 0.848117 1.295117 

H 6.762386 -0.94206 1.217271 

O 4.752724 2.179409 0.699439 

C 5.197519 3.024352 -0.3756 

H 4.34048 3.406723 -0.94269 

H 5.726992 3.856379 0.092421 

H 5.87396 2.485998 -1.04628 

 

4: 

C -1.69948 -0.62978 0.525681 

C -1.64852 -1.94053 -0.0224 

C -0.46122 -2.55538 -0.44622 

C 0.698572 -1.82133 -0.33282 

C 0.717206 -0.51757 0.193576 

C -0.47897 0.05644 0.624179 

H -0.47635 -3.5573 -0.85276 

H -0.47131 1.053469 1.053201 

C 2.80879 -1.20342 -0.41921 

C 4.159729 -1.21017 -0.63739 

C 4.887379 -0.04262 -0.27809 

C 4.201322 1.092141 0.293578 

C 2.799624 1.043113 0.497543 

C 2.105449 -0.09821 0.143736 

H 4.664104 -2.06909 -1.06791 

H 2.290323 1.900824 0.927985 

O 1.948954 -2.24806 -0.70792 

N -2.84681 -2.75619 -0.22035 

O -2.71027 -3.97928 -0.31805 

O -3.94298 -2.19415 -0.30777 

C -2.91871 0.094919 1.085301 

S -4.07841 0.680813 -0.2596 

C -3.8888 2.503354 -0.06205 

C -4.79457 3.231226 -1.05767 

H -2.84718 2.789633 -0.23734 

H -4.15725 2.782206 0.963654 

H -4.50812 2.954182 -2.0789 

H -5.83631 2.898581 -0.9151 

N -4.61216 4.683991 -0.91606 

H -5.14316 5.153185 -1.64918 

H -5.04112 4.987003 -0.04132 
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C -3.64885 -0.62379 2.229431 

H -4.38503 0.05426 2.671999 

H -2.92936 -0.90317 3.008676 

H -4.17055 -1.52178 1.896974 

H -2.53053 1.027071 1.501303 

C 6.295027 0.039291 -0.4699 

C 4.960156 2.246974 0.642251 

C 6.99282 1.172774 -0.12018 

C 6.319773 2.288861 0.441747 

H 6.811989 -0.81457 -0.90015 

H 4.439398 3.098837 1.072206 

H 6.884354 3.176363 0.712563 

H 8.067318 1.216792 -0.27416 

 

Relevant orbital energies of each compound in Hartree taken from Dalton.  The bold 

numbers denote HOMO and LUMO. 

1: 

        -88.85242404   -19.22123367   -19.18786790   -19.18567688   -14.57688717 

        -14.30637194   -10.26399509   -10.25806713   -10.25682654   -10.22888813 

        -10.22827970   -10.21799726   -10.21711318   -10.20960568   -10.20748481 

        -10.20458690   -10.20083604   -10.20021419   -10.19905511   -10.19836593 

        -10.19221091   -10.17284067    -7.92714604    -5.89150475    -5.88797437 

         -5.88115749    -1.23256084    -1.12149027    -1.05721372    -0.89737547 

         -0.87984586    -0.87005807    -0.82669015    -0.82098162    -0.77756289 

         -0.77082035    -0.75756932    -0.73982753    -0.70293714    -0.67423092 

         -0.65216061    -0.63886077    -0.61067119    -0.60417007    -0.59507489 

         -0.57371774    -0.56314135    -0.54118258    -0.52844769    -0.51918921 

         -0.50864365    -0.49910244    -0.48689251    -0.47537528    -0.47435835 

         -0.46522462    -0.45552266    -0.45281036    -0.44725785    -0.43557959 

         -0.42990785    -0.42154087    -0.41478223    -0.40160912    -0.38661532 
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         -0.38060636    -0.37162056    -0.36784458    -0.36687991    -0.36249030 

         -0.35468238    -0.35089966    -0.34095377    -0.32019919    -0.31785864 

         -0.31307927    -0.30635812    -0.29144916    -0.27265981    -0.24354486 

         -0.24131155    -0.24092195    -0.22295031    -0.09921951    -0.03825912 

         -0.01711341     0.00002150     0.02132675     0.04661325     0.06243436 

          0.08583246     0.09220624     0.09888815     0.11103201     0.12108995 

          0.13457549     0.13676346     0.14409194     0.14818446     0.15504162 

          0.16202067     0.16316926     0.17300534 

 

2: 

        -88.85202530   -19.21999557   -19.18516958   -19.18475320   -19.18283602 

        -14.57443287   -14.30629762   -10.26367509   -10.26214159   -10.26006835 

        -10.25429221   -10.23050043   -10.22784904   -10.22754297   -10.21748959 

        -10.21516086   -10.20749910   -10.20470763   -10.20444080   -10.20275302 

        -10.19988681   -10.19384871   -10.19267193   -10.17230799    -7.92671907 

         -5.89107770    -5.88754814    -5.88073693    -1.22959190    -1.12016602 

         -1.07412326    -1.05398454    -0.89570745    -0.87972369    -0.86963532 

         -0.82594939    -0.81996575    -0.77741533    -0.77378314    -0.76203765 

         -0.73972317    -0.72219997    -0.68427695    -0.67324082    -0.64998934 

         -0.64226872    -0.61171559    -0.59718890    -0.59470482    -0.57394340 

         -0.56130791    -0.53985255    -0.53066604    -0.52405108    -0.51482714 

         -0.50860641    -0.48851509    -0.48592083    -0.47716259    -0.47508496 

         -0.46809188    -0.46056189    -0.45865859    -0.45540668    -0.44147569 

         -0.43860687    -0.42781834    -0.41533171    -0.41415360    -0.41197766 

         -0.39823055    -0.38385408    -0.38072473    -0.37589964    -0.36662516 
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         -0.36312518    -0.36070190    -0.35444165    -0.34097913    -0.33699924 

         -0.33627419    -0.31832405    -0.31533893    -0.31075122    -0.29475360 

         -0.28404982    -0.27272139    -0.24376061    -0.24167793    -0.22330879 

         -0.22066983    -0.09758078    -0.03397127    -0.01660038     0.00163028 

          0.02715517     0.04825886     0.06288166     0.08593676     0.09139560 

          0.09915629     0.11123771     0.11165578     0.12246583     0.13538891 

          0.13683711     0.13862090     0.14456345     0.14920251     0.15892797 

          0.16260841 

3: 

        -88.85236305   -19.22218009   -19.18711352   -19.18486752   -19.17086510 

        -19.16721151   -14.57621816   -14.30631735   -10.26402090   -10.26040896 

        -10.25729024   -10.25625102   -10.24911345   -10.22878607   -10.22815658 

        -10.22387926   -10.22306371   -10.21874949   -10.21693930   -10.20934689 

        -10.20904540   -10.20455013   -10.20205628   -10.20015337   -10.19967859 

        -10.17272024    -7.92707845    -5.89143634    -5.88790698    -5.88109241 

         -1.23172680    -1.12247828    -1.06792427    -1.05629386    -1.04594245 

         -0.89723930    -0.87978551    -0.87030711    -0.82680834    -0.82072964 

         -0.77805712    -0.77271924    -0.76295080    -0.74140483    -0.71798484 

         -0.69803101    -0.67597566    -0.67282082    -0.65142993    -0.63368301 

         -0.61427104    -0.59782262    -0.59544253    -0.57491097    -0.56143563 

         -0.54324042    -0.53376913    -0.52563874    -0.51952688    -0.51003200 

         -0.49179413    -0.48758922    -0.48322255    -0.47985011    -0.46797795 

         -0.46443036    -0.46139258    -0.45815434    -0.45316848    -0.45111569 

         -0.44334441    -0.43762001    -0.43149847    -0.42664054    -0.41930817 

         -0.41458829    -0.40267502    -0.39119658    -0.38023877    -0.37295077 
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         -0.36719768    -0.36448772    -0.36315891    -0.35493204    -0.35412561 

         -0.34203459    -0.34085441    -0.31971270    -0.31713286    -0.31255054 

         -0.30913078    -0.29670425    -0.28696134    -0.27383192    -0.26771643 

         -0.24291503    -0.24019349    -0.22965488    -0.22281413    -0.09892392 

         -0.03797086    -0.01727582    -0.00050596     0.02105810     0.04664658 

          0.06235738     0.08171102     0.08617776     0.09536459     0.11041146 

          0.11365285     0.12042188     0.12916665     0.13328061     0.13645179 

          0.14260141     0.14588602     0.14840668     0.15143860 

4: 

        -88.85275406   -19.21936877   -19.18862159   -19.18653016   -14.57751512 

        -14.30637423   -10.26558135   -10.25821140   -10.25799704   -10.22974661 

        -10.22878520   -10.21927427   -10.21695808   -10.21099011   -10.21067289 

        -10.20823401   -10.20466295   -10.20431094   -10.20364413   -10.20038758 

        -10.19686727   -10.19060154   -10.19052314   -10.18917992   -10.18825733 

        -10.17315676    -7.92748067    -5.89183990    -5.88830781    -5.88149069 

         -1.23335837    -1.11961064    -1.05810399    -0.89841057    -0.88427599 

         -0.87986176    -0.84125762    -0.82457655    -0.81659736    -0.78395529 

         -0.77368973    -0.76304115    -0.74330157    -0.72882273    -0.70362099 

         -0.67438941    -0.65448805    -0.64645914    -0.61566070    -0.61156950 

         -0.60322002    -0.59437087    -0.57240736    -0.56748439    -0.54354139 

         -0.53339699    -0.52749621    -0.51712547    -0.50854314    -0.49369463 

         -0.48643101    -0.47493997    -0.46809958    -0.46507105    -0.46058542 

         -0.45919635    -0.45279303    -0.44068211    -0.43762516    -0.42763198 

         -0.42286276    -0.41871814    -0.41493255    -0.40226583    -0.39412265 

         -0.38829267    -0.37938113    -0.36791372    -0.36674764    -0.36573662 
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         -0.35475769    -0.35294733    -0.34199877    -0.33923919    -0.33813973 

         -0.32060625    -0.31814013    -0.31273281    -0.30429705    -0.29245402 

         -0.28444914    -0.26102928    -0.24247969    -0.24014861    -0.22452271 

         -0.21474301    -0.10151640    -0.05324274    -0.02708814    -0.00996293 

          0.00603021     0.02642904     0.04542566     0.06179599     0.08542625 

          0.09363832     0.09946534     0.10083339     0.11017905     0.11555880 

          0.12410190     0.12712091     0.14265833     0.14886391     0.15214345 

          0.15246198 

Conversion of 2PA absorption to 2PA cross section: 

Equation 3.1 was derived from Equation A1 which is used to convert from integrated 

two-photon absorption signal to 2PA cross section.
116,191

 

         
            

              
              (A1) 

In Equation A1, σ2PA is the 2PA cross section (in GM, 10
-50

 cm
4
·s·molecules

-1
), ℏ is the 

reduced Planck’s constant (1.054571817×10
−34

 J⋅s), ωpu is the frequency of the pump 

photons (in s
-1

), Epu is the energy of the pump (in J), l is the path length in (cm), Nsol is the 

number density of the solute/sample (in molecules·cm
-3

),            is the time 

integrated 2PA signal in s, fxy is the pump/probe overlap factor determined by Equation 

A2. 

        
 

                                    
  (A2) 

Where wpu and wpr are the 1/e
2
 halfwidths of the Gaussian pump (pu) and probe (pr) 

pulses.  The x and y subscripts denote the halfwidths of the plane orthogonal to light 

propagation.   
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Appendix B 

 

Power dependence plots of each compound showing a linear dependence of the signal on 

the power of the pump. 

 

Figure B1:  Power dependence plot for 1a. 

 

Figure B2:  Power dependence plot for 1b. 
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Figure B3:  Power dependence plot for 2a. 

 

Figure B4:  Power dependence plot for 2b. 

 

Figure B5:  Power dependence plot for 3a. 
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Figure B6:  Power dependence plot for 3b. 

 

Figure B7:  Power dependence plot for 4a. 

 

Figure B8:  Power dependence plot for 4b. 

Table of orbital contributions to the first 10 transitions of each compound.  H = HOMO 

and L = LUMO. 
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Compound 

 
1a 2a 3a 4a 1b 2b 3b 4b 

1 3.32 eV 3.40 eV 2.70 eV 3.05 eV 3.12 eV 3.07 eV 2.73 eV 3.04 eV 

 
H L H L H L H L H L H L H L H-1 L 

   
H-1 L 

        
H-1 L 

  
2 3.49 eV 3.44 eV 3.31 eV 3.33 eV 3.37 eV 3.46 eV 3.05 eV 3.09 eV 

 
H-1 L H L H-1 L H-1 L H-1 L H-1 L H L H L 

   
H-1 L H-2 L H-2 L 

    
H-1 L 

  

     
H-3 L 

          
3 3.86 eV 3.84 eV 3.44 eV 3.42 eV 3.77 eV 3.73 eV 3.37 eV 3.39 eV 

 
H-3 L H-4 L H-1 L H-1 L H-3 L H-3 L H-2 L H-2 L 

       
H-2 L H-4 L H-4 L H-3 L 

  

           
H-5 L 

    

           
H-6 L 

    
4 4.15 eV 4.21 eV 3.50 eV 3.47 eV 4.21 eV 4.25 eV 3.54 eV 3.49 eV 

 
H-2 L H-2 L H-2 L H-4 L H-2 L H-2 L H-2 L H-4 L 

     
H-3 L 

      
H-3 L 

  
5 4.40 eV 4.29 eV 3.80 eV 3.82 eV 4.40 eV 4.30 eV 3.73 eV 3.83 eV 

 
H-5 L H-3 L H-5 L H-3 L H-5 L H-3 L H-5 L H-10 L 

 
H-6 L H-8 L 

    
H-6 L H-8 L H-6 L H-13 L 

6 4.83 eV 4.55 eV 4.10 eV 3.93 eV 4.66 eV 4.54 eV 4.15 eV 3.87 eV 

 
H-1 L+1 H-3 L H-4 L H-4 L H L+1 H L+1 H-4 L H-3 L 

 
H-2 L+2 H-8 L 

  
H-10 L 

  
H-8 L 

    
7 5.00 eV 4.83 eV 4.40 eV 4.00 eV 4.78 eV 4.61 eV 4.41 eV 4.04 eV 

 
H-1 L+1 H-1 L+1 H L+1 H-5 L H-3 L H-3 L H-9 L H-5 L 

     
H-9 L 

  
H-4 L H-8 L 

    

           
H L+1 

    
8 5.18 eV 4.88 eV 4.42 eV 4.14 eV 4.85 eV 4.77 eV 4.50 eV 4.19 eV 

 
H-3 L H-5 L H L+1 H-5 L H-1 L+1 H L+2 H L+1 H-6 L 

 
H-4 L 

  
H-9 L H-6 L H L+2 H-1 L+1 H-1 L+1 H-7 L 

           
H-4 L 

    

           
H-5 L 

    
9 5.54 eV 4.93 eV 4.85 eV 4.30 eV 5.27 eV 4.83 eV 4.64 eV 4.34 eV 

 
H L+2 H L+1 H-3 L+1 H-5 L H-1 L+1 H L+2 H L+1 H-6 L 

 
H-1 L+2 

  
H-2 L+1 H-6 L H L+2 H-5 L H-1 L+1 H-7 L 

     
H L+2 

    
H-1 L+1 

    
10 5.62 eV 5.21 eV 4.91 eV 4.41 eV 5.43 eV 4.93 eV 4.72 eV 4.41 eV 

 
H-1 L+2 H-4 L H-2 L+1 H-13 L H L+3 H-6 L H-5 L H-14 L 

 
H-1 L+3 H-6 L H L+2 H-15 L 

    
H-6 L H-15 L 

 
H-2 L+1 

  
H-6 L 

          

     
H-7 L 
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Figure B9:  Orbital contributions to each transition for each compound.  For each 

transition, the energy is given. Ground state to excited state orbital contributions for each 

transition are also given. 

Orbital diagrams for each compound.  The energy for each orbital is in eV and is relative 

to the HOMO. 

 

Figure B10:  Relevant orbitals for 1a. 
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Figure B11:  Relevant orbitals for 1b. 

 

Figure B12:  Relevant orbitals for 2a. 
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Figure B13:  Relevant orbitals for 2b. 

 

Figure B14:  Relevant orbitals for 3a. 
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Figure B15:  Relevant orbitals for 3b. 
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Figure B16:  Relevant orbitals for 4a. 
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Figure B17:  Relevant orbitals for 4b. 

 

 

 

 

Pump probe spectra and time integrated spectra of the sample and solvent.  The solvent 

subtracted spectrum is also included. 
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Figure B18:  Full frequency pump probe sample spectrum collected during measurement 

of 2PA cross section for compound 1a. 

 

Figure B19:  Full frequency pump probe solvent spectrum (d6-DMSO) collected during 

measurement of 2PA cross section for compound 1a. 

 

Figure B20:  Time integrated spectra of the sample and solvent for 1a. 
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Figure B21:  Full frequency pump probe sample spectrum collected during measurement 

of 2PA cross section for compound 1b. 

 

Figure B22:  Full frequency pump probe solvent spectrum (d6-DMSO) collected during 

measurement of 2PA cross section for compound 1b. 

 

Figure B23:  Time integrated spectra of the sample and solvent for 1b. 
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Figure B24:  Full frequency pump probe sample spectrum collected during measurement 

of 2PA cross section for compound 2a. 

 

Figure B25:  Full frequency pump probe solvent spectrum (d6-DMSO) collected during 

measurement of 2PA cross section for compound 2a. 

 

Figure B26:  Time integrated spectra of the sample and solvent for 2a. 
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Figure B27:  Full frequency pump probe sample spectrum collected during measurement 

of 2PA cross section for compound 2b. 

 

Figure B28:  Full frequency pump probe solvent spectrum (d6-DMSO) collected during 

measurement of 2PA cross section for compound 2b. 

 

Figure B29:  Time integrated spectra of the sample and solvent for 2b. 
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Figure B30:  Full frequency pump probe sample spectrum collected during measurement 

of 2PA cross section for compound 3a. 

 

Figure B31:  Full frequency pump probe solvent spectrum (d6-DMSO) collected during 

measurement of 2PA cross section for compound 3a. 

 

Figure B32:  Time integrated spectra of the sample and solvent for 3a. 
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Figure B33:  Full frequency pump probe sample spectrum collected during measurement 

of 2PA cross section for compound 3b. 

 

Figure B34:  Full frequency pump probe solvent spectrum (d6-DMSO) collected during 

measurement of 2PA cross section for compound 3b. 

 

Figure B35: Time integrated spectra of the sample and solvent for 3b. 
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Figure B36:  Full frequency pump probe sample spectrum collected during measurement 

of 2PA cross section for compound 4a. 

 

Figure B37:  Full frequency pump probe solvent spectrum (d6-DMSO) collected during 

measurement of 2PA cross section for compound 4a. 

 

Figure B38: Time integrated spectra of the sample and solvent for 4a. 
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Figure B39:  Full frequency pump probe sample spectrum collected during measurement 

of 2PA cross section for compound 4b. 

 

Figure B40:  Full frequency pump probe solvent spectrum (d6-DMSO) collected during 

measurement of 2PA cross section for compound 4b. 

 

Figure B41: Time integrated spectra of the sample and solvent for 4b. 
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Relevant Cartesian coordinates for each compound from Gaussian. 

1a: 

C -1.67901 0.821307 -0.2908 

C -1.88688 -0.56884 -0.09327 

C -0.84443 -1.49352 0.0664 

C 0.436602 -0.98751 0.054579 

C 0.712993 0.381184 -0.13283 

C -0.35055 1.266861 -0.31507 

H -1.05363 -2.5462 0.200139 

H -0.15777 2.322275 -0.48396 

C 2.624568 -0.82021 0.126274 

C 3.970498 -1.14283 0.232121 

C 4.874357 -0.0849 0.116008 

C 4.438454 1.23596 -0.09721 

C 3.082549 1.537874 -0.20053 

C 2.157376 0.491451 -0.08728 

H 4.296584 -2.16411 0.396482 

H 5.173008 2.030965 -0.1821 

H 2.750713 2.558588 -0.36495 

O 1.585667 -1.72423 0.213893 

N -3.23044 -1.15053 -0.0561 

O -3.348 -2.35205 -0.32054 

O -4.18776 -0.43374 0.250442 

C -2.76638 1.860662 -0.49551 

H 5.938226 -0.28889 0.192464 

C -3.22403 2.518869 0.818429 

H -3.98426 3.280932 0.613883 

H -2.38413 3.005463 1.326866 

H -3.65457 1.776626 1.495981 

H -2.35863 2.634303 -1.15632 

H -3.62856 1.425868 -1.00402 

 

1b: 

C -2.44208 0.83668 -0.28505 

C -2.66612 -0.55139 -0.08941 

C -1.62894 -1.48715 0.058908 

C -0.3446 -0.99575 0.036654 

C -0.05196 0.371139 -0.14877 

C -1.1088 1.267796 -0.31897 

H -1.84784 -2.53783 0.192246 
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H -0.90683 2.321723 -0.48625 

C 1.847528 -0.85678 0.089561 

C 3.181743 -1.20261 0.181862 

C 4.11411 -0.15851 0.061479 

C 3.692632 1.17493 -0.14329 

C 2.338242 1.485695 -0.23146 

C 1.391122 0.462626 -0.11552 

H 3.511918 -2.22284 0.33902 

H 4.422516 1.969631 -0.23372 

H 2.030057 2.514782 -0.38907 

O 0.7995 -1.74772 0.183583 

N -4.01227 -1.11878 -0.0436 

O -4.14122 -2.3264 -0.2785 

O -4.96695 -0.38731 0.239752 

C -3.51714 1.891099 -0.47782 

C -3.96799 2.539213 0.843464 

H -4.71903 3.312652 0.647617 

H -3.12265 3.00975 1.358025 

H -4.40787 1.794216 1.51192 

H -3.09986 2.667892 -1.12896 

H -4.38402 1.472109 -0.99147 

O 5.415501 -0.53578 0.156799 

C 6.433692 0.459453 0.0424 

H 6.347002 1.210383 0.835812 

H 7.378747 -0.07422 0.148687 

H 6.400352 0.952111 -0.93599 

 

2a: 

C 0.914514 0.105297 0.380891 

C 0.719076 1.468897 0.029415 

C -0.53828 2.020251 -0.23901 

C -1.6208 1.166252 -0.17942 

C -1.49629 -0.19429 0.152105 

C -0.22705 -0.70355 0.439047 

H -0.63912 3.066461 -0.49462 

H -0.11791 -1.74571 0.721943 

C -3.66 0.361068 -0.25377 

C -5.03605 0.265747 -0.40711 

C -5.59892 -0.99255 -0.18566 

C -4.80852 -2.10027 0.173379 

C -3.42879 -1.98231 0.321984 
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C -2.84218 -0.72818 0.104969 

H -5.63615 1.12553 -0.6843 

H -5.28488 -3.06207 0.336752 

H -2.82342 -2.83996 0.599055 

O -2.92219 1.515638 -0.42896 

N 1.827431 2.421957 -0.10713 

O 1.590452 3.612755 0.117537 

O 2.928566 2.002974 -0.46444 

C 2.216416 -0.57483 0.794944 

H -6.67219 -1.11704 -0.29387 

C 3.021039 0.094694 1.908556 

H 3.84673 -0.56385 2.19361 

H 2.382112 0.237801 2.7864 

H 3.432862 1.057646 1.605911 

H 1.941943 -1.5706 1.146765 

O 3.037387 -0.77756 -0.3925 

C 3.75459 -1.92058 -0.45533 

C 4.534588 -1.99061 -1.74523 

O 3.763833 -2.76844 0.41711 

H 5.09212 -2.9268 -1.78698 

H 3.854606 -1.9236 -2.60033 

H 5.226716 -1.14475 -1.80902 

 

2b: 

C 1.62716 0.1048 0.384583 

C 1.57056 1.480597 0.029307 

C 0.369356 2.154096 -0.23009 

C -0.79203 1.416696 -0.15434 

C -0.80602 0.050586 0.182174 

C 0.409168 -0.58299 0.457487 

H 0.372707 3.203772 -0.49081 

H 0.414965 -1.62996 0.743279 

C -2.90592 0.826622 -0.2055 

C -4.27881 0.880935 -0.34549 

C -4.98308 -0.31249 -0.11405 

C -4.30581 -1.50099 0.243138 

C -2.92021 -1.51724 0.375287 

C -2.19733 -0.34049 0.150501 

H -4.80367 1.788616 -0.61951 

H -4.86209 -2.4134 0.417731 

H -2.41513 -2.43801 0.650374 
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O -2.05597 1.897572 -0.39312 

N 2.765012 2.3161 -0.12071 

O 2.640556 3.533973 0.049182 

O 3.830363 1.782093 -0.4334 

C 2.85358 -0.70895 0.789031 

C 3.721054 -0.13755 1.910143 

H 4.479771 -0.877 2.182964 

H 3.099391 0.051972 2.791666 

H 4.221997 0.786425 1.621245 

H 2.479347 -1.67533 1.13073 

O 3.649632 -0.98329 -0.40113 

C 4.242952 -2.19401 -0.47745 

C 5.010221 -2.3317 -1.76967 

O 4.164297 -3.04808 0.385553 

H 5.470369 -3.31899 -1.82016 

H 4.338997 -2.18981 -2.62258 

H 5.783882 -1.55936 -1.82869 

O -6.32986 -0.22307 -0.26008 

C -7.12797 -1.38803 -0.04318 

H -7.0249 -1.75497 0.984261 

H -8.15786 -1.07386 -0.21562 

H -6.86634 -2.18582 -0.74733 

 

3a: 

C 0.588251 0.586658 0.517996 

C 0.191172 1.817327 -0.07704 

C -1.11845 2.081033 -0.50183 

C -2.04291 1.072454 -0.3411 

C -1.7163 -0.16981 0.232986 

C -0.40636 -0.39107 0.663337 

H -1.37064 3.034513 -0.94534 

H -0.14759 -1.33674 1.128971 

C -3.90615 -0.08581 -0.36328 

C -5.23065 -0.45165 -0.55929 

C -5.58813 -1.73552 -0.14331 

C -4.65181 -2.60762 0.442792 

C -3.3273 -2.22041 0.630552 

C -2.94594 -0.93554 0.220559 

H -5.94473 0.227553 -1.01205 

H -4.96991 -3.59831 0.752717 

H -2.60876 -2.89705 1.082982 
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O -3.36394 1.135929 -0.70789 

N 1.131077 2.909707 -0.32592 

O 0.676687 4.047563 -0.4796 

O 2.337488 2.654714 -0.39788 

C 1.959472 0.229736 1.081382 

S 3.224365 -0.07628 -0.26145 

C 3.533316 -1.87332 0.006508 

C 4.600476 -2.36849 -0.97194 

H 2.607184 -2.43652 -0.14452 

H 3.869202 -2.02886 1.03844 

H 4.246704 -2.22338 -1.99933 

H 5.512273 -1.75881 -0.8574 

N 4.822063 -3.80854 -0.76966 

H 5.459605 -4.14571 -1.49039 

H 5.319232 -3.94547 0.110758 

H -6.61364 -2.06691 -0.27649 

C 2.479963 1.155151 2.191029 

H 3.374216 0.714017 2.641971 

H 1.717885 1.258009 2.973107 

H 2.739123 2.148246 1.82276 

H 1.834182 -0.75677 1.532675 

 

3b: 

C -1.35033 -0.61482 0.525907 

C -1.16788 -1.89103 -0.07825 

C 0.082733 -2.3669 -0.50398 

C 1.162227 -1.53203 -0.33289 

C 1.050975 -0.25528 0.250726 

C -0.2052 0.180044 0.679585 

H 0.1716 -3.34542 -0.95542 

H -0.30228 1.152774 1.151226 

C 3.197518 -0.70812 -0.34306 

C 4.559228 -0.57952 -0.53505 

C 5.144961 0.624375 -0.10892 

C 4.366277 1.64428 0.484845 

C 2.995728 1.479035 0.662202 

C 2.390097 0.288139 0.246333 

H 5.162028 -1.35695 -0.98968 

H 4.832083 2.566782 0.807836 

H 2.410939 2.27118 1.119581 

O 2.457288 -1.81625 -0.69833 
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N -2.27476 -2.80652 -0.33502 

O -2.01504 -3.99774 -0.53834 

O -3.42777 -2.3615 -0.36364 

C -2.64086 -0.03255 1.092374 

S -3.84711 0.469292 -0.24509 

C -3.83344 2.296596 -0.00516 

C -4.79365 2.957919 -0.99603 

H -2.8218 2.684131 -0.16021 

H -4.13825 2.525494 1.022754 

H -4.46823 2.737376 -2.01936 

H -5.7992 2.520645 -0.87791 

N -4.75814 4.417408 -0.81548 

H -5.32547 4.850715 -1.54351 

H -5.2247 4.65289 0.060866 

C -3.29783 -0.85327 2.212067 

H -4.10867 -0.27172 2.661581 

H -2.55809 -1.0688 2.992681 

H -3.71192 -1.79602 1.853274 

H -2.35248 0.922761 1.536077 

O 6.483906 0.716265 -0.31279 

C 7.165457 1.904832 0.092202 

H 7.078082 2.064382 1.172836 

H 8.212213 1.745619 -0.16869 

H 6.785021 2.782874 -0.44178 

 

4a: 

C -4.3471 -0.76276 -0.64333 

C -5.24954 -1.79726 -0.28576 

C -6.60159 -1.57636 0.001521 

C -7.0529 -0.27838 -0.11553 

C -6.21424 0.788926 -0.49154 

C -4.86474 0.534828 -0.74526 

H -7.25099 -2.39638 0.277939 

H -4.20239 1.351224 -1.0147 

C -8.34309 1.49648 -0.13778 

C -9.45457 2.320753 -0.03164 

C -9.25287 3.673184 -0.31343 

C -7.98855 4.167972 -0.68403 

C -6.8861 3.322929 -0.78413 

C -7.06558 1.961101 -0.50592 

H -10.4246 1.929474 0.254755 
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H -7.87332 5.226712 -0.89481 

H -5.9127 3.709627 -1.07 

O -8.34174 0.135886 0.099358 

N -4.83435 -3.2015 -0.22658 

O -5.42368 -3.94431 0.561482 

O -3.94115 -3.58767 -0.98796 

H -10.0931 4.357542 -0.24446 

C -2.8599 -0.97624 -0.88501 

H -2.56422 -1.96684 -0.54954 

C -2.48221 -0.80764 -2.36117 

H -2.74835 0.186967 -2.73145 

H -1.40905 -0.95872 -2.5127 

H -3.01834 -1.55653 -2.95432 

S -1.92881 0.217996 0.216686 

C -0.21068 -0.45044 0.090687 

H 0.368746 0.188888 -0.57594 

H -0.24653 -1.4593 -0.33034 

C 0.502078 -0.46062 1.468596 

H 0.32476 0.508148 1.956364 

C -0.00375 -1.56452 2.415029 

N 1.92616 -0.661 1.299551 

H 2.318007 -1.48094 1.748732 

O -1.31731 -1.59507 2.656727 

O 0.744383 -2.36789 2.934043 

H -1.79137 -0.92644 2.09875 

C 2.7447 0.372103 0.961631 

O 2.364724 1.480493 0.608396 

O 4.043206 -0.00411 1.04956 

C 5.012958 0.995859 0.671729 

H 4.933768 1.843646 1.358531 

H 4.799954 1.347946 -0.34154 

C 6.400188 0.352747 0.757185 

C 7.502578 1.369179 0.492779 

H 6.502985 -0.07468 1.764946 

C 6.673184 -0.70374 -0.30504 

C 7.77778 2.560196 1.15704 

C 8.300601 0.953977 -0.59335 

C 6.002396 -1.89646 -0.56017 

C 7.787508 -0.33139 -1.08715 

C 8.858769 3.341598 0.729012 

H 7.171538 2.884382 1.999285 

C 9.37987 1.732996 -1.01768 

C 6.447673 -2.7153 -1.60588 
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H 5.145377 -2.18841 0.038466 

C 8.23122 -1.15007 -2.1286 

C 9.651111 2.930053 -0.34905 

H 9.084765 4.273377 1.239975 

H 10.00111 1.418429 -1.85217 

C 7.551673 -2.34449 -2.38247 

H 5.931379 -3.64839 -1.8145 

H 9.089883 -0.86844 -2.73254 

H 10.48709 3.546479 -0.66834 

H 7.885214 -2.99223 -3.18874 

 

4b: 

C -3.73611 -1.30662 -0.63158 

C -4.56595 -2.41154 -0.3107 

C -5.93309 -2.28835 -0.02523 

C -6.46982 -1.02291 -0.10687 

C -5.70548 0.111691 -0.44757 

C -4.34041 -0.04448 -0.6995 

H -6.52689 -3.15801 0.222787 

H -3.73347 0.822144 -0.94117 

C -7.8814 0.659249 -0.08575 

C -9.04564 1.391409 0.039099 

C -8.95016 2.772268 -0.20216 

C -7.7169 3.367329 -0.55401 

C -6.56359 2.596686 -0.66981 

C -6.63417 1.219321 -0.43383 

H -9.99408 0.941306 0.30797 

H -7.65886 4.432916 -0.73708 

H -5.62398 3.068435 -0.94055 

O -7.78747 -0.70316 0.112505 

N -4.05884 -3.78323 -0.28966 

O -4.61741 -4.59486 0.453342 

O -3.11974 -4.08245 -1.0365 

C -2.23654 -1.4095 -0.86996 

H -1.8729 -2.38241 -0.55013 

C -1.86784 -1.1893 -2.34164 

H -2.20339 -0.20991 -2.69577 

H -0.78632 -1.26141 -2.49209 

H -2.34817 -1.96408 -2.94913 

S -1.39318 -0.17254 0.255163 

C 0.366876 -0.7189 0.12157 
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H 0.899368 -0.03757 -0.54266 

H 0.399676 -1.72595 -0.3044 

C 1.080313 -0.68617 1.498715 

H 0.830924 0.262574 1.994003 

C 0.65925 -1.83213 2.436422 

N 2.515274 -0.77669 1.327823 

H 2.968446 -1.57073 1.765594 

O -0.64838 -1.96341 2.676725 

O 1.46562 -2.58068 2.950167 

H -1.17168 -1.32891 2.122947 

C 3.252782 0.320002 1.004056 

O 2.7891 1.401593 0.668164 

O 4.576289 0.041545 1.083953 

C 5.466904 1.1189 0.724533 

H 5.346442 1.933093 1.445377 

H 5.206636 1.493036 -0.26941 

C 6.89632 0.570107 0.755715 

C 7.92014 1.670392 0.512017 

H 7.051036 0.109881 1.742137 

C 7.215106 -0.42004 -0.35642 

C 8.129852 2.848644 1.221403 

C 8.717135 1.357511 -0.60861 

C 6.621111 -1.64464 -0.64816 

C 8.280951 0.061438 -1.14647 

C 9.143864 3.720399 0.804039 

H 7.524154 3.094386 2.090185 

C 9.72951 2.226726 -1.02244 

C 7.094293 -2.38573 -1.73865 

H 5.801728 -2.02034 -0.04352 

C 8.752574 -0.67973 -2.23276 

C 9.935037 3.410523 -0.30836 

H 9.318544 4.643272 1.350078 

H 10.34953 1.991316 -1.88347 

C 8.149888 -1.90664 -2.52325 

H 6.637866 -3.34281 -1.97616 

H 9.573899 -0.31375 -2.84341 

H 10.71861 4.09632 -0.61897 

H 8.505916 -2.49501 -3.36466 

O -10.1127 3.460579 -0.07093 

C -10.1113 4.870826 -0.3 

H -9.81114 5.106109 -1.3273 

H -11.1398 5.194992 -0.1381 

H -9.44986 5.38735 0.40464 
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Orbital energies for all occupied orbitals and the first 20 unoccupied orbitals.  Energy is 

in Hartree atomic units.  The HOMO and LUMO are bolded. 

1a: 

-19.21889503   -19.18443615   -19.18255953   -14.57401794   -10.26120805 

-10.25646677   -10.25228050   -10.22104914   -10.21535906   -10.21390044 

-10.20573289   -10.20456054   -10.19968488   -10.19799585   -10.19734337 

-10.19123495   -10.18515483   -10.16728368    -1.22890268    -1.11890723 

-1.05365224    -0.89268263    -0.86854144    -0.82182475    -0.80033007 

-0.77038514    -0.75850119    -0.73464411    -0.69969575    -0.65393871 

-0.63650688    -0.60782625    -0.60224887    -0.58842035    -0.55981858 

-0.53964396    -0.52529651    -0.52120360    -0.50577682    -0.49303108 

-0.47302641    -0.46894533    -0.46084388    -0.44966025    -0.44717780 

-0.42731855    -0.42148404    -0.41537026    -0.39339891    -0.38280589 

-0.36885952    -0.36670506    -0.35674508    -0.35334940    -0.34846807 

-0.34466691    -0.31705461    -0.31350092    -0.30773392    -0.29205520 

-0.26947299    -0.23895944    -0.23784092    -0.09463293    -0.03574736 

-0.01214524     0.00261420     0.02797008     0.09223787     0.09978363 

0.11037778     0.12871954     0.13420063     0.14355648     0.15763012 

0.16010671     0.16413241     0.17435346     0.17760354     0.18126919 

0.18460882     0.18818195     0.20121655 

1b: 

-19.21771236   -19.18386684   -19.18183769   -19.17993049   -14.57172464 

-10.26241846   -10.25940898   -10.25847463   -10.24981710   -10.23011415 

-10.21997272   -10.21486223   -10.21203076   -10.20350319   -10.20245169 

-10.20104545   -10.19284132   -10.19160350   -10.18431008   -10.16690193 

-1.22608822    -1.11765854    -1.07312592    -1.05060416    -0.89101306 

-0.86811697    -0.82098575    -0.79924967    -0.77227605    -0.76474292 

-0.73433761    -0.72024908    -0.68156279    -0.65144338    -0.64050480 

-0.60834857    -0.59622935    -0.58726608    -0.55862698    -0.53974335 

-0.52845502    -0.52348473    -0.51256179    -0.50539758    -0.48140466 

-0.47548793    -0.47444230    -0.46685047    -0.45671354    -0.45336027 

-0.43924559    -0.43153635    -0.41853165    -0.41277394    -0.40735839 

-0.38967001    -0.38056795    -0.37626886    -0.36003371    -0.35603867 

-0.34949593    -0.34561690    -0.33612576    -0.33531025    -0.31486563 

-0.31156589    -0.29727755    -0.28158935    -0.26968562    -0.23860936 

-0.21970948    -0.09292986    -0.03157207    -0.01206584     0.00516484 

0.03405289     0.09065369     0.09981355     0.11064367     0.11339544 

0.12943489     0.13598449     0.13756889     0.14522519     0.16070678 
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0.16114277     0.16396019     0.17356826     0.17485637     0.17631252 

0.18320249 

2a: 

-19.22275015   -19.18771266   -19.18690080   -19.18669126   -19.13868309 

-14.57767087   -10.31907254   -10.26641126   -10.25946030   -10.25833288 

-10.25553700   -10.22729085   -10.21885506   -10.21827448   -10.21236861 

-10.20799848   -10.20092035   -10.19912943   -10.19864304   -10.19244057 

-10.18328429   -10.17303189    -1.23375211    -1.12311938    -1.10187951 

-1.05888249    -1.01687890    -0.89774170    -0.87050680    -0.82555931 

-0.81123914    -0.77368913    -0.76616716    -0.75144064    -0.73294679 

-0.70381906    -0.66392539    -0.64366768    -0.62741910    -0.60645107 

-0.59950071    -0.56364925    -0.56250520    -0.54201364    -0.52697607 

-0.52328025    -0.50934631    -0.50648985    -0.49060118    -0.47940501 

-0.47671770    -0.47255122    -0.46495772    -0.45604893    -0.44746209 

-0.44399611    -0.42914908    -0.42279259    -0.41666012    -0.40879403 

-0.39896957    -0.38760451    -0.37907107    -0.37322803    -0.36748477 

-0.36585331    -0.36445018    -0.35145829    -0.34315463    -0.32084044 

-0.31808335    -0.31327533    -0.30311867    -0.29377809    -0.28057103 

-0.27431252    -0.24307424    -0.24113315    -0.09744665    -0.04059216 

-0.01964473    -0.00080389     0.00918097     0.02164090     0.08864208 

0.09559124     0.10454679     0.11843479     0.12205622     0.13171344 

0.14219622     0.14708097     0.15336926     0.16241691     0.16575006 

0.17434225     0.17704134     0.17846314 

2b: 

-19.22138330   -19.18635668   -19.18469182   -19.18461352   -19.18356353 

-19.13827986   -14.57506619   -10.31869496   -10.26434754   -10.26357027 

-10.26027645   -10.25676779   -10.25464343   -10.23046338   -10.22619939 

-10.21770001   -10.21673091   -10.21013112   -10.20473702   -10.20321754 

-10.19410281   -10.19280067   -10.18310620   -10.17207677    -1.23054501 

-1.12168898    -1.10141791    -1.07399506    -1.05540843    -1.01640610 

-0.89584174    -0.86996612    -0.82448626    -0.81008160    -0.77460410 

-0.77041259    -0.75360052    -0.73241147    -0.72229987    -0.68511673 

-0.66084957    -0.64587514    -0.62819210    -0.60439640    -0.59444416 

-0.56417958    -0.56065319    -0.54060276    -0.52840075    -0.52562546 

-0.51711390    -0.50935579    -0.50046875    -0.48963351    -0.47795689 

-0.47402425    -0.46835261    -0.46781645    -0.46356207    -0.45875005 

-0.45402196    -0.43645218    -0.43059456    -0.41879867    -0.41417761 

-0.41117127    -0.40630086    -0.39729479    -0.38430083    -0.38118711 

-0.37253948    -0.36719541    -0.36454542    -0.36188258    -0.34237131 
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-0.33713842    -0.33698301    -0.31864246    -0.31564787    -0.30512421 

-0.29894527    -0.28379661    -0.27975512    -0.27429305    -0.24402362 

-0.22131069    -0.09587426    -0.03599326    -0.01874077     0.00058394 

0.00977917     0.02869674     0.08797519     0.09568405     0.10499843 

0.11181716     0.11974281     0.12328834     0.13217077     0.13641554 

0.14401760     0.14870706     0.15820067     0.16284156     0.16657142 

3a: 

-88.85242404   -19.22123367   -19.18786790   -19.18567688   -14.57688717 

-14.30637194   -10.26399509   -10.25806713   -10.25682654   -10.22888813 

-10.22827970   -10.21799726   -10.21711318   -10.20960568   -10.20748481 

-10.20458690   -10.20083604   -10.20021419   -10.19905511   -10.19836593 

-10.19221091   -10.17284067    -7.92714604    -5.89150475    -5.88797437 

-5.88115749    -1.23256084    -1.12149027    -1.05721372    -0.89737547 

-0.87984586    -0.87005807    -0.82669015    -0.82098162    -0.77756289 

-0.77082035    -0.75756932    -0.73982753    -0.70293714    -0.67423092 

-0.65216061    -0.63886077    -0.61067119    -0.60417007    -0.59507489 

-0.57371774    -0.56314135    -0.54118258    -0.52844769    -0.51918921 

-0.50864365    -0.49910244    -0.48689251    -0.47537528    -0.47435835 

-0.46522462    -0.45552266    -0.45281036    -0.44725785    -0.43557959 

-0.42990785    -0.42154087    -0.41478223    -0.40160912    -0.38661532 

-0.38060636    -0.37162056    -0.36784458    -0.36687991    -0.36249030 

-0.35468238    -0.35089966    -0.34095377    -0.32019919    -0.31785864 

-0.31307927    -0.30635812    -0.29144916    -0.27265981    -0.24354486 

-0.24131155    -0.24092195    -0.22295031    -0.09921951    -0.03825912 

-0.01711341     0.00002150     0.02132675     0.04661325     0.06243436 

0.08583246     0.09220624     0.09888815     0.11103201     0.12108995 

0.13457549     0.13676346     0.14409194     0.14818446     0.15504162 

0.16202067     0.16316926     0.17300534 

3b: 

-88.85202530   -19.21999557   -19.18516958   -19.18475320   -19.18283602 

-14.57443287   -14.30629762   -10.26367509   -10.26214159   -10.26006835 

-10.25429221   -10.23050043   -10.22784904   -10.22754297   -10.21748959 

-10.21516086   -10.20749910   -10.20470763   -10.20444080   -10.20275302 

-10.19988681   -10.19384871   -10.19267193   -10.17230799    -7.92671907 

-5.89107770    -5.88754814    -5.88073693    -1.22959190    -1.12016602 

-1.07412326    -1.05398454    -0.89570745    -0.87972369    -0.86963532 

-0.82594939    -0.81996575    -0.77741533    -0.77378314    -0.76203765 

-0.73972317    -0.72219997    -0.68427695    -0.67324082    -0.64998934 

-0.64226872    -0.61171559    -0.59718890    -0.59470482    -0.57394340 
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-0.56130791    -0.53985255    -0.53066604    -0.52405108    -0.51482714 

-0.50860641    -0.48851509    -0.48592083    -0.47716259    -0.47508496 

-0.46809188    -0.46056189    -0.45865859    -0.45540668    -0.44147569 

-0.43860687    -0.42781834    -0.41533171    -0.41415360    -0.41197766 

-0.39823055    -0.38385408    -0.38072473    -0.37589964    -0.36662516 

-0.36312518    -0.36070190    -0.35444165    -0.34097913    -0.33699924 

-0.33627419    -0.31832405    -0.31533893    -0.31075122    -0.29475360 

-0.28404982    -0.27272139    -0.24376061    -0.24167793    -0.22330879 

-0.22066983    -0.09758078    -0.03397127    -0.01660038     0.00163028 

0.02715517     0.04825886     0.06288166     0.08593676     0.09139560 

0.09915629     0.11123771     0.11165578     0.12246583     0.13538891 

0.13683711     0.13862090     0.14456345     0.14920251     0.15892797 

0.16260841 

4a: 

-88.87518039   -19.22259226   -19.19584972   -19.19129711   -19.19022510 

-19.18969428   -19.15076001   -19.12931894   -14.58051590   -14.36180481 

-10.34039096   -10.33513108   -10.26678783   -10.26044567   -10.25854150 

-10.25549524   -10.24212291   -10.23708150   -10.23282463   -10.22617983 

-10.21994128   -10.21984317   -10.21287532   -10.20804225   -10.20125868 

-10.20107813   -10.19929162   -10.19873117   -10.19264382   -10.19249376 

-10.19177516   -10.19099287   -10.19036426   -10.18721210   -10.18644919 

-10.18582033   -10.18549532   -10.18535176   -10.18473873   -10.18424497 

-10.18382115   -10.18114684    -7.95101471    -5.91508358    -5.91150131 

-5.90537293    -1.23583738    -1.12304599    -1.11458622    -1.10984759 

-1.06139642    -1.03255834    -1.01834687    -0.94226297    -0.90184135 

-0.88982634    -0.87077505    -0.84408817    -0.83935697    -0.82625198 

-0.81106933    -0.79953366    -0.77564342    -0.77267965    -0.76515473 

-0.75041387    -0.74291165    -0.73661889    -0.71595390    -0.71420505 

-0.70448255    -0.67067729    -0.66066746    -0.64920265    -0.63623072 

-0.63148980    -0.62255880    -0.60665577    -0.59810767    -0.59426809 

-0.59337028    -0.58578559    -0.57816111    -0.57700924    -0.56791903 

-0.56425223    -0.54782256    -0.53145793    -0.52747535    -0.52535985 

-0.51463424    -0.51024214    -0.50613296    -0.49995061    -0.49421150 

-0.48637484    -0.47802428    -0.47660376    -0.47396682    -0.47321628 

-0.46896140    -0.46427107    -0.45956869    -0.45217504    -0.45085727 

-0.44690762    -0.44293700    -0.43926916    -0.43261374    -0.42898225 

-0.42610184    -0.42459669    -0.42301476    -0.42113642    -0.41899799 

-0.41453106    -0.40448352    -0.40111484    -0.39197452    -0.38748956 

-0.38605791    -0.38144656    -0.37753570    -0.37399897    -0.37072077 

-0.36432704    -0.36204883    -0.35795326    -0.35647776    -0.35262294 
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-0.35142551    -0.34804597    -0.33222565    -0.33183468    -0.32922408 

-0.32902064    -0.32287767    -0.31871167    -0.31083874    -0.30384827 

-0.29742873    -0.29643996    -0.28486280    -0.28427770    -0.27585317 

-0.26995962    -0.25342281    -0.24959357    -0.24751571    -0.24229181 

-0.24148693    -0.21881646    -0.09883274    -0.04369184    -0.03381188 

-0.02226627    -0.01460358    -0.00690193    -0.00130426     0.00499414 

0.01767970     0.02039339     0.03739152     0.04081101     0.05837164 

0.08103666     0.09100445     0.09626199     0.09708391     0.10174421 

0.11030133     0.11321547 

4b: 

-88.87469236   -19.22131638   -19.19546504   -19.18961735   -19.18884536 

-19.18769477   -19.18479257   -19.15047558   -19.12920712   -14.57829712 

-14.36171397   -10.34028261   -10.33486081   -10.26491380   -10.26380374 

-10.26049566   -10.25794271   -10.25523981   -10.24209418   -10.23623448 

-10.23175995   -10.23051235   -10.22582824   -10.21940660   -10.21795939 

-10.21072665   -10.20494298   -10.20325850   -10.20125540   -10.19419319 

-10.19287274   -10.19266731   -10.19181121   -10.19102626   -10.19037722 

-10.18726485   -10.18649281   -10.18585233   -10.18555232   -10.18538399 

-10.18476843   -10.18427772   -10.18384886   -10.18082287    -7.95052049 

-5.91458559    -5.91101069    -5.90488365    -1.23313045    -1.12167161 

-1.11424185    -1.10969882    -1.07420524    -1.05846083    -1.03222016 

-1.01826520    -0.94213539    -0.90020295    -0.88986124    -0.87028299 

-0.84411525    -0.83864996    -0.82530674    -0.81092528    -0.79911359 

-0.77616318    -0.77370248    -0.76935586    -0.75206506    -0.74295194 

-0.73648734    -0.72318525    -0.71559023    -0.71418654    -0.68598584 

-0.66816139    -0.65981441    -0.64930825    -0.63964834    -0.63150056 

-0.62231653    -0.60333431    -0.59519139    -0.59355753    -0.59296312 

-0.58576290    -0.57812168    -0.57703536    -0.56799096    -0.56232792 

-0.54859597    -0.53410145    -0.52793306    -0.52555357    -0.51633782 

-0.51435958    -0.50898342    -0.50411580    -0.49974808    -0.49127015 

-0.48589161    -0.47809326    -0.47657534    -0.47528332    -0.47315218 

-0.46853920    -0.46485660    -0.46196131    -0.45790251    -0.45289873 

-0.45026819    -0.44833013    -0.44218120    -0.43930305    -0.43412997 

-0.42866112    -0.42696198    -0.42416805    -0.42195078    -0.41921997 

-0.41798980    -0.41432607    -0.40671945    -0.40276773    -0.40042740 

-0.39192364    -0.38593710    -0.38380463    -0.38113968    -0.38034174 

-0.37652440    -0.36672894    -0.36256504    -0.36133600    -0.35766702 

-0.35647378    -0.35260776    -0.34825905    -0.33823299    -0.33721501 

-0.33224690    -0.33060931    -0.32941596    -0.32843351    -0.32087391 

-0.31476155    -0.30432098    -0.30371335    -0.29661470    -0.28479811 
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-0.28469815    -0.28428094    -0.27576372    -0.26984982    -0.25345493 

-0.24913784    -0.24755109    -0.24312078    -0.22165012    -0.21884309 

-0.09728856    -0.03973924    -0.03384922    -0.02137798    -0.01462036 

-0.00648772    -0.00024199     0.00495976     0.01922512     0.02591302 

0.03742494     0.04118784     0.05911153     0.08127248     0.08993774 

0.09626611     0.09745526     0.10172654     0.11016993     0.11133900 
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