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Abstract

This dissertation focuses on modeling optical and photochemical properties of biomedical
imaging dyes. Specifically, two optical imaging systems are examined: optoacoustic and
chemiluminescent dyes. The first chapter provides motivation and background information
for these particular modalities, as well as a brief discussion of the computational approaches
employed.

The second chapter presents a computational study of squaraine dyes to facilitate an un-
derstanding of how structural features influence optoacoustic signal generation. The specific
foci of this investigation are two features most relevant to optoacoustic signal generation:
absorption and non-radiative relaxation. This work highlights how minor substituent mod-
ifications have a substantial impact on absorption properties and explain these effects via
analysis of frontier molecular orbitals (MOs). In addition, the role of structural flexibility is
examined and a path for further work in this area is described.

The last two chapters focus on separate processes contributing to chemiluminescence in
imidazopyrazinone dyes. The third chapter presents a computational modeling of ground
state reactions that precede chemiexcitation, namely how different substituents affect the
formation of a necessary dioxetanone intermediate. The fourth and final chapter focuses
on the dioxetanone decomposition that produces the final excited state intermediate, as
well as the emission wavelength of this product. Here we examine the relationship between
substituent groups and frontier MO energies and present preliminary results for modeling the
So/S1 conical intersection. This work demonstrates the interplay between multiple aspects of
probe development, with a key insight into how modifications that produce desired emission

wavelengths may result in higher energy barriers for chemiluminescent activation.



Chapter 1

Introduction

1.1 Motivations for Computational Studies of Optical
Imaging Dyes

In vivo medical imaging is essential for diagnosis and treatment, and the development of
better contrast agents has been an ongoing effort for many years.% More recently, there has
been a focus on combining structural and functional imaging to provide a more robust vi-
sualization of molecular-level processes.!"™ The concept of hybrid imaging is depicted in
Fig.1.1; it is important to note that structural techniques like MRI and CT can be supple-
mented by contrast agents to yield functional information as well. A major advantage of
this concept is the possibility for the development of more accessible technologies without
the drawbacks of ionizing radiation or cost/time inefficiency. Optical imaging (OI) methods
such as fluorescence or bio/chemiluminescence can be supplemented with ultrasound (US).

In addition, optoacoustic tomography (OAT) has developed in recent years as a standalone
OI modality that inherently provides functional information.

\-‘.;‘ "

N,

. O ]
b L4

Figure 1.1: The classification of imaging techniques as structural or functional, which are
combined in hybrid modalities such as MRI/PET. Adapted from ref 1.
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Clinical applications of OI have been limited by penetration depth, an issue which arises
from the interactions of photons with tissue (Fig. 1.2). This can be mitigated, though not
completely eliminated, by the use of chromophores that are active in the more bio-transparent
near infrared (NIR) region. In addition to penetration depth, it can be difficult to distinguish
excitation light or scattering from signal emitted by the target, which decreases the signal
to noise ratio (SNR). Due to these factors, OI methods that rely on a one-way photon path
(opposed to the two-way path shown in Fig.1.2) are more promising for clinical translation.
As such, the work presented here will focus on the development of probes for optoacoustic

(OA) and chemiluminescence (CL) imaging.

\ scattering / /

o— X
\futoﬂuorescence/
® ®
in-tissue .‘/ \. /

absorption * Imaging probe

Figure 1.2: Schematic representation of the path of a photon beam in tissue demonstrating
various mechanisms by which fluorescence signal is decreased.

1.2 Fundamentals of Optoacoustic Imaging

The photoacoustic (PA) effect was first documented by Alexander Graham Bell in his 1880
paper, “On the production and reproduction of sound by light”. ! The more general term
“radiophony” was adapted after the realization that the phenomenon resulted from all forms
of electromagnetic radiation.!’ Today, “photoacoustic” — used synonymously with “optoa-

coustic” — specifies optical light as the radiant energy source. The PA effect was first applied
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to biomedical imaging in 1964 using pulsed laser excitation, which relies on the thermoelastic
mechanism. ! In this process, pulsed excitations cause local heating and elastic expansion of
the surrounding medium, which generates pressure waves (Fig. 1.3). Ultrasound detection
of these pressure waves allows for a greater tissue penetration depth and SNR compared to

photon emission. The magnitude of the initial pressure rise is given by:!?

Po = q)(wu)‘)lu’a()\)reff (1.1)

Where ®@(x, \) is the fluence of light with wavelength A at position @, uq(\) is the optical
absorption coefficient of the chromophore at wavelength A, and the thermoelastic conversion
efficiency is given by I'eyy = I'(1 — QY"), where QY is the fluorescent quantum yield and T
is the dimensionless Griineisen parameter that describes thermodynamic properties of the

propagating medium.

Pulsgd Igser Thermalization Thermoe[astlc Acoustic yvave
excitation expansion generation
4
X ® |
_ ’@ ..
@ 4 I } - l —
x 4 % i,
¥ P
4

Figure 1.3: The photoacoustic effect in the context of optoacoustic imaging (OAI).

From Eq. 1.1, two important characteristics for OA probes can be deduced: high optical
absorption coefficient (pq(\)) and low fluorescent quantum yield (QY). In the context of
developing probes for use in biomedical imaging, we also know that absorption in the NIR
region is optimal for tissue penetration as there are less interactions with endogenous chro-

mophores. In addition, it is reasonable to assume that all non-radiative relaxation will occur
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through vibrations. Thus, our computational efforts should be directed towards understand-
ing how structural features influence: i) absorption strength, ii) absorption wavelength, and

iii) the rate of vibrational relaxation.

1.3 Fundamentals of Chemiluminescence Imaging

Chemiluminescence (CL) and bioluminescence (BL) have been of interest as “molecularly
generated light” sources since the discovery of luminol in 1928.'3°1 CL molecules undergo
a chemical reaction to reach their electronic excited state (chemi-excitation) and emit a
photon upon relaxation to the electronic ground state (Fig. 1.4). While the “round-trip”
of photons in fluorescence imaging (Fig. 1.2) results in low signal-to-noise ratios (SNR)
typically on the order of <5, CL imaging avoids issues caused by excitation light, such
as surface reflection and autofluorescence, and can reach much higher SNR >100.1* Most
chemiexcitation reactions involve the decomposition of a cyclic peroxide.'® One such group

1720 which have been

of CL molecules are the 1,2-dioxetanes discovered by Schaap’s group,
adapted into triggerable probes for a variety of analytes and are currently commercially
available for in vitro assays.?! More recent studies have demonstrated in vivo imaging of

small animals,#%%2724 though continued development of highly emissive probes is needed to

achieve in vivo imaging at the human scale.

Chemical reaction Chemi-excitation Photon emission
. 4l
/ N\_N
3\( oﬁ) |: =)_N i| hv
o
N
= A Nk

Figure 1.4: A general mechanism of chemiluminescence demonstrated for imidazopyrazinone

(IPO).
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Chemiluminescence is a multi-step process that involves i) a chemical trigger, ii) the gen-
eration of an chemiexcited intermediate through surface crossing of the ground and excited
states (i.e., a conical intersection (CI)), and iii) photon emission by the excited state inter-
mediate. As in the case of IPO-based CL molecules, there are sometimes multiple reaction
steps between the initial chemical trigger (O2 in Fig. 1.4) and the chemiexcited intermediate.
Each of these processes can be modeled, leading to insights into where bottlenecks may exist
and how they may be mitigated through structural modifications. In addition, as emission
in the NIR wavelength range is desirable for in vivo CL probes, further modifications can be

suggested and examined for their effects on CL efficiency.

1.4 Review of Computational Methods Applied to Op-

toacoustic and Chemiluminescence Imaging

Density functional theory (DFT) has been widely applied in the theoretical study of pho-
tophysical processes, yielding qualitatively accurate results with low computational cost.
Within ground state DF'T, the molecular orbitals ¢, are eigenfunctions of the Kohn-Sham

(KS) eigenvalue problem:

Fowka(r) = 5k¢k¢a(r) (1'2>

where the Fock operator contains external (vexy) and Hartree (vy) potentials, as well as the
exchange-correlation (XC) potential (9%,) determined by the choice of functional. ¥y, (r)
are the Kohn-Sham molecular orbitals (MOs).

A 1

B = _§©2+vext+vH+®;§C (1.3)
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DFT can be extended to the study of excited states via the time-dependent Kohn-Sham

(TDKS) equation:

o (1,1) = Pyt (.1 (1.4)

Starting from this equation, one can derive the linear response formalism, which is commonly
referred to as time-dependent density functional theory (TDDFT), for computing excitation

energies (w) and amplitudes (X and Y) through the Casida equation:

A B X 1 0 X
B* A"]\Y 0 -1/ \Y

where elements of the A and B matrices are given by:

Ajajp = 0ijoap(ea —€i) + (ialjb) — Cur (ijlab) + (ial fzc| D) (1.6)

Biajb = (ialbj) — Cur (iblaj) + (ia|fzc|bJ) (1.7)

using indices 4, j and a, b for occupied and virtual MOs. Whereas the DFT ground state is
variationally optimized via Eq. 1.2, the TDDFT excited states obtained from Eq. 1.5 are
variational with respect to each other, but not to the ground state.?> While TDDFT yields
semi-quantitative results for vertical excitation energies, inaccuracies arise in regions where
the ground and excited states are nearly degenerate.

Most importantly, conical intersections (CIs) are degeneracies between electronic states,
and are critical in photochemistry as they facilitate non-adiabatic transitions. A commonly
used alternative method for the study of Cls is the spin-flip (SF) TDDFT method from

6

Krylov and coworkers, 20 in which a reference state of a higher multiplicity is used to allow

for a more balanced treatment of the states of interest. Within SF-TDDFT, single o« — (3



Chapter 1. Introduction 7

operations produce a set of excited state determinants that are variational.?® The SF excited
state configurations generated by a triplet Mg = +1 reference state are shown in blue and
black in Fig. 1.5. These include what would usually be the Sy and 57 states, as well as
a doubly excited configuration which couples the two and cannot be generated by single
excitations within normal TDDFT. Shown in red are additional configurations that would
be generated with § — « spin-flip excitations from the Mg = —1 reference state; the absence
of those configurations from the original implementation of SF-TDDFT could lead to severe
spin contamination of some SF-TDDFT states.

In mixed-reference (MR) SF-TDDFT from Choi and coworkers, the reduced density
matrices (RDM) of the Mg = +1 and Mg = —1 reference states are combined into a
mixed-reference RDM (MR—RDM),27 which is then used to generate spin-flipped electronic
configurations, including those red configurations in 1.5 missing from the original SF-TDDFT
model. While the configurations shown in gray in Fig. 1.5 are still not included, they
contribute only to higher energy states and expected not to make a significant contribution
to the excitation amplitudes (X) and energies (w) of the low-lying excited states of interest

in biomedical imaging.
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Figure 1.5: Upper panel: An example of two 4-electron triplet reference states used in
MRSF-TDDFT. Lower panel: Electronic configurations generated in SF (blue, black) and
MRSF (blue, black, red). Configurations not considered by MRSF are in gray. Adapted from

ref 2.



Chapter 2

Effect of Structural Modifications on Optoa-

coustic Imaging Probes

2.1 Introduction

Optoacoustic imaging (OAI) combines molecular-level visualization enabled by optical con-
trast with the penetration depth offered by ultrasound detection. Studies in humans have al-
ready demonstrated success in resolving endogenous chromophores, as well as FDA-approved
fluorescent dyes and labels.?® As discussed in Chapter 1.2, optoacoustic OA signal generation
relies on the generation of thermal energy via non-radiative relaxation — thus, fluorescent
agents optimized for high rates of radiative relaxation are the least optimal chromophores
for OAI?? However, until the relatively recent rise in interest for OAI as a clinical imaging
modality, there has never been a need for FDA approved chromophores that do not emit
light.

Towards the goal of developing exogenous contrast agents optimized for OAI, this chapter
focuses on structure-function relationships that define OA signal generation ability: strong
absorbance and non-radiative relaxation. The effects of structural modifications on ab-
sorbance and absorption wavelength were examined through TDDFT excitation spectra and
frontier molecular orbital analysis. While non-radiative relaxation was not studied directly
in this work, vibrational motions that may facilitate relaxation were quantified via DFT

vibrational entropy calculations.
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2.2 Background: Previous Experimental Work

Squaraine dyes are characterized by an electron-deficient squaric acid core which can be
functionalized symmetrically or unsymmetrically with electron-donating groups. This tun-

30,31 Of particular

ability has yielded a wide variety of applications in chromophore design.
interest to the field of OA probe development is the simplicity of the core four-membered
ring, which offers a unique opportunity to study the relationship between structure and sig-
nal generation. With this motivation, collaborators synthesized a set of squaraine dyes as
shown in Fig 2.1. The side chains were modified symmetrically at the X-position with atoms
of varying weight and electronegativy. In addition, flexibility was introduced by replacing
the CH3 R-group with ethyltrimethylammonium (ETM). Here, the analogs will be referred
to by their X and R substituents: i.e., Br-ETM indicates the squaraine with X = Br and R

= ETM.

R X

CH; Br

cl

@,L/ F
NN H

Figure 2.1: Structures of squaraine analogs, where X= Br, CI, F, or H and R= CHgs or
ETM.

OA signal generated by a chromophore is dependent on the absorption profile, as well

12,32 Shown in

as the ability to generate thermal energy through non-radiative relaxation.
Fig. 2.2 are experimentally measured Multispectral Optoacoustic Tomography (MSOT) and

absorption spectra for the six squaraine analogs. The MSOT spectrum can be thought of as
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the ultrasound signal detected at each excitation wavelength, which ranges from 680 to 780
nm for this particular instrument. Interestingly, the absorption spectra showed no distin-
guishable activity in this region (inset of Fig. 2.2b). Thus, our computational investigation

focused on two questions:

o Why is MSOT signal clearly detectable when no excitation is observed?

o What causes the trend in MSOT signal intensity?

a) b)
X R Y
Br ETM c
300 5
Fy s C| [ETM £
2 o
5 F ETM §
f 200 H ETM - _ R N e
o .= Br CHs g .
0 - - — T
= 100 H CHs £ .
B ] 680 730 780
_ 2 N\
680 700 720 740 760 780 "~ 580 630 680 730 780
Wavelength (nm) Wavelength (nm)

Figure 2.2: Experimental results adapted from ref 3. a) MSOT spectra of squaraine analogs
in tissue-mimicking phantoms. b) Normalized absorption spectra of squaraine analogs in
buffer solution, where the inset shows the MSOT excitation wavelength region (680-780nm).

2.3 Methods

Ground-state geometry optimizations and TDDFT calculations were performed in gas phase
using the PBE functional®? and 6-314+G* basis set.?* All calculations were carried out using
the Q-Chem 5.4 software package.?® After determining the lowest energy conformations,
TDDFT excitation energies and oscillator strengths were calculated at the optimized ground
state geometries. In order to obtain vibrational entropies, frequency calculations were also
done at the optimized ground state geometries. Absorption spectra were plotted as:

FO) = X N = 3 fiexp (W) 2.1)
k k

o2
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where A\, and fj, are the k-th excitation wavelengths and oscillator strengths from TDDFT
calculations, and a broadening factor () of 15 nm was used. Eq. 2.1 broadens the calculated
stick spectra in order to provide a more realistic absorption profile, but does not effect the

height of peaks relative to one another.

2.4 Absorption Spectra of Squaraine Dyes

Calculated absorption spectra for the squaraine analogs are shown in Fig. 2.3, where the
inset displays the region from 680-780 nm. The most prominent excitations (S2) are in the
580-630 nm range, which aligns well with the experimentally measured spectra in Fig. 2.2b.
In addition, all molecules were calculated to have a small peak around 700 nm (.S7), which
was not distinguishable in the experimental spectra, likely due to the relatively low intensity.
As S is the only excitation found within the MSOT wavelength range, it was determined to
be responsible for the MSOT signal generated by the squaraine dyes (Fig. 2.2a) and is the
focus of further analysis. Analogous to absorbance, the computational oscillator strength is
given by:

2 .
fr = gAEk’#kF (2.2)

where [i}. is the transition dipole moment for the excitation with an energy of AE), = hwy =
h)\%. The calculated oscillator strengths for the Sy excitations correlate well with the trend
in observed MSOT intensities, increasing with the weight of the atom at the X-position, and

overall much weaker for the R = CHj3 analogs. These results are tabulated in Table A.1.
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e Br ETM
e | ETM

FETM

——H  ETM

. Br CHs

. H CH3

680 730 780
S,

580 630 680 730 780

Wavelength (nm)
Figure 2.3: Absorption spectra of squaraine analogs calculated using the PBE functional and
6-314+G* basis set. The inset shows the MSOT excitation wavelength region (680-780nm). S;
and Sy indicate the first and second singlet excited states, respectively. Adapted from ref 3.
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In order to explain the effect of substituents on transition dipole moment, one can exam-
ine the character of the molecular orbital (MO) transitions contributing to the excitation.
Specifically, the transition dipole moment (fix) couples the initial (¥p) and final (‘¥}) wave-

functions through the electric dipole moment operator (/i)

jix = (FlA[¥o) = D (Xb: +YE) (alils) (2.3)

at

where X (lfz and Ya]z are excitation and de-excitation amplitudes between the -th occupied
MO and the a-th unoccupied orbital (Eq. 1.5). For low-lying excited states, such as Si,
the amplitudes (Xg; and Y,;) are significant only for frontier orbitals, such as the highest
occupied molecular orbital (HOMO), the second highest occupied molecular orbital (HOMO-
1), and the lowest unoccupied orbital (LUMO). Therefore, two key factors that influence the
magnitude of [i; are the spatial distribution and overlap of these frontier MOs.

The HOMO-1, HOMO, and LUMO for all squaraine analogs are shown in Fig. 2.4, where
the values on the blue and red arrows indicate the HOMO—LUMO and HOMO-1—LUMO
transition amplitudes for S;. In general, the HOMO and LUMO are delocalized over
nearly the entire molecule, while the HOMO-1 is much more localized on the center. The
HOMO-1—LUMO transition is thus partially of charge-transfer (CT) character due to
the low spatial overlap of the two MOs, which decreases the transition dipole moment
(TDM).36:37 The effect of this can be seen in the variation of oscillator strength of the
R=ETM analogs: as the X-group becomes lighter, the oscillator strength gets lowered due
to an increase in the HOMO-1—LUMO amplitude and a decrease in the HOMO—LUMO
amplitude (Fig. 2.4a). Continuing this trend, the HOMO-1—LUMO transition nearly com-
pletely dominates the ~750 nm S; excitation calculated for the R=CHs analogs (Figs. 2.3
and 2.4b), which have the lowest oscillator strength. As such, the ETM side chain has the

dual effect of increasing the oscillator strength, while decreasing the excitation wavelength.
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a) X = Br (0.103) X = Cl (0.080) X = F (0.060) X = H (0.051)
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Figure 2.4: Molecular orbitals (MOs) of a) R = ETM and b) R = CHjs squaraine analogs
from DFT calculations with the PBE functional and 6-314+G* basis set. The labels for the
blue and red arrows represent the MO transition amplitudes (X) contributing to S; (shown in
the inset of Fig. 2.3). Oscillator strengths are given in parentheses.



Chapter 2. Effects of Structural Modifications on Optoacoustic Imaging Probes 16

2.5 Structural Flexibility of Squaraine Dyes

It was hypothesized that additional structural flexibility would enhance non-radiative relax-
ation, resulting in increased OA signal. Although the higher vibrational entropy calculated
for the R = ETM analogs (Fig. 2.5) provides some support for this idea, these results are not
necessarily conclusive as they do not directly account for the vibrational relaxation from the
S1 state. A future direction for this work would be to perform non-adiabatic molecular dy-
namics (NAMD) simulations, which would allow for the direct estimation of relaxation rate.
During NAMD, normal mode tracking could be used to identify vibrational motions that
facilitate non-radiative relaxation, leading to insights on what modifications could enhance

OA signal generation.

2001

1501
- U u
R EI'M R EI'M

Vib. Entropy (cal/mol K)
g

Q

X=Cl
REI'M R =ETM

Figure 2.5: Vibrational entropy of squaraine analogs calculated using the PBE functional
and 6-31+G* basis set. Adapted from ref 3.

2.6 Conclusion

This study provides theoretical insight into the structure-function relationships of OA signal
generation. The intensity of the MSOT signal generated by a very weak absorption suggests
that the squaraine analogs with flexible side chains efficiently convert photoexcitation into
thermal energy. Results of MO analysis indicate that absorption could be tuned further to-

wards the NIR region through variation of R-groups, and possibly increased by asymmetrical
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substituents. While vibrational entropy calculations provided a quantitative measure of the
effect of the ETM R-group on vibrational motions, it cannot yet be stated with certainty
that these would result in increased non-radiative relaxation. Thus, the structural flexibility
of OA imaging probes presents an excellent opportunity for further study utilizing NAMD
simulations to assess the role of vibrational modes (especially low-frequency ones) during
non-adiabatic transitions.

As the clinical application OA imaging is a relatively new field of interest, few com-
putational studies have been published in this area. Detailed analysis of how structural
modifications effect absorption and relaxation mechanisms could provide insights not only

for the development of OA imaging dyes, but for other fields of probe development as well.
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Chapter 3

A Computational Modeling of ADLumin
Chemiluminescence: Oxygenation and

Dioxetanone Formation

This chapter is adapted from:3®
Wickizer, C.; Lander, C.; Pei, Z.; Yip, W. T.; Ran, C.; Shao, Y. A Computational Modeling
of ADLumin Chemiluminescence: Oxygenation and Dioxetanone Formation. J. Comput.

Chem. 2026, 47, €70372. DOI: 10.1002/jcc.70372.

3.1 Introduction

The development of molecular probes is critical for the advancement of in vivo optical imag-
ing (OI), which is a cost-efficient complement to magnetic resonance imaging (MRI), com-
puted tomography, and other imaging modalities. However, clinical applications of OI can
be limited by photon penetration depth. In the case of fluorescence imaging (FLI), various
interactions with tissue, such as surface reflection, scattering, absorption, and autofluo-
rescence result in only 0.001-0.01% of incident photons reaching the detector.3%4 While
interference from biological tissues can be mitigated with near-infrared fluorescence (NIRF),
the need for an external light source significantly reduces the signal-to-noise ratio (SNR).
Compared to NIRF, substantially higher SNRs can be achieved with “molecularly gener-

ated light imaging”, 44142 especially bioluminescence (BL) and chemiluminescence (CL) in
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which molecules undergo a chemical reaction to reach their electronic excited state and emit
a photon upon relaxation to the electronic ground state.?2%344 As such, CL and BL offer
two key advantages over NIRF and other OI imaging techniques: 1) the “one-way” photon
trip increases penetration depth while maintaining a high SNR, and 2) they could acquire
inherent target specificity from the need for a small-molecule “trigger” to initiate the chem-

ical reaction %546

or a biomolecule to substantially enhance the output light signal. In the
latter case, an especially promising “biosensor” application is the detection of amyloid beta
(Ap) plaques, a biomarker in the brains of patients with Alzheimer’s disease (AD) that can
begin to accumulate up to 30 years before the onset of memory loss, cognitive decline and
other emotional / behavioral symptoms. 47

Unlike BL reporters such as the well-known firefly luciferin/luciferase, 24850 CL is gen-
erated from excited-state intermediates formed during chemical reactions that do not require
catalyzing enzymes.*? Although CL reactions are most commonly triggered by reactive oxy-

51-54 recent modifications to Schapp’s 1,2-dioxetanes!” have enabled

gen or nitrogen species,
the use of a variety of analyte-responsive groups.!'621:2348 Similarly, Cypridina luciferin
analogs based on the imidazopyrazinone (IPO) skeleton® are responsive to molecular Os.
The autoxidation of IPO-based probes is strongly dependent on substituent groups,® as well
as environmental characteristics, such as solvent and pH.?% 59 These properties were utilized
to design turn-on probes, such as ADLumin-1 (Fig. 3.1), a CL probe that reacts with Og
and produces amplified emission in the presence of AS aggregates.®

More recently, there has been further advances in the design of CL probes for the de-
tection of A aggregates associated with Alzheimer’s disease.? It was hypothesized that the
amplification of emission from ADLumin-1 is likely due to structural stabilization of the

molecule by A aggregates. Nevertheless, the rotation of the multiple conjugated double

bonds in the molecule might still allow for some flexibility and lead to alternate excitation
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Figure 3.1: Structures of ADLumin-X analogs®®

energy loss through non-radiative relaxation pathways. Accordingly, the bridging carbon
chain of ADLumin-1 was fused into a furan ring in ADLumin-Xs (Fig. 3.1: X=5, 6, 7, and
8) in order to reduce the flexibility and improve CL quantum yield (QY). The placement
of an electron-withdrawing (cyano) group on the IPO moiety of ADLumin-6 extended the
emission wavelength to 600 nm (¢f. ~540 nm for ADLumin-1 and ADLumin-5), but the
output CL signal was reduced significantly. Furthermore, to probe the role of substituents
on the benzofuran moiety, the diethylamino group of ADLumin-1, 5, and 6 was replaced with
-OH and -OMe in ADLumin-7 and -8, respectively, but it also led to reduced QY. Among
these newer ADLumin molecules, ADLumin-5 showed superior performance, with a higher
in vivo radiance strength and a 1.5-fold signal amplification when imaging 5xFAD compared

to wild-type mice.*
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Following these developments in ADLumin-X probes, here we shall seek to gain more
mechanistic insight into ADLumin-5 chemiluminescence. Generally, the CL. mechanisms of
IPO-based probes like ADLumin-5 consist of four steps illustrated in Fig. 3.2: (1) autox-
idation (i.e. oxygenation) with Og. It was suggested that a deprotonated IPO reactant
(in its singlet ground state) undergoes a single electron transfer (SET) to triplet Oz, form-
ing a diradical complex consisting of an oxidated IPO and the superoxide anion Og —.%60
Subsequently, the system undergoes a triplet-to-singlet spin—crossing during the C-O bond
formation at one of the multiple sites at which Og'— can bind: Cg, Cy, and C4 (I-1A, 1-1B,
and I-1B’ in Fig. 3.2, respectively). (2) intramolecular rearrangements. Regardless of the
binding site, multiple intramolecular rearrangement steps (omitted from Fig. 3.2 for clarity)
on the ground-state singlet surface are needed to reach the 1,2-dioxetanone intermediate.
(3) decarboxylation to chemically excite the molecule, whereby the system proceeds through

a conical intersection to the excited-state, open-ring product. (4) The system de-excites to

emit a photon.
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Figure 3.2: General reaction mechanism for ADLumin-5, abbreviated to show only the IPO
core. Red numbers demonstrate the atom numbering scheme referred to in this work. Colored
lines indicate the spin state of the system: initially a triplet (red), then undergoing a spin-
crossing during C-O bond formation (purple) to form the singlet state first intermediate (I-1A,
I-1B, or I-1B’: blue). All paths undergo multiple intramolecular rearrangement steps (omitted)
and eventually form the same 1,2-dioxetanone intermediate.
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While the decomposition of 1,2-dioxetanones has been investigated for many chemi-
luminescent and bioluminescent systems,% 70 the autoxidation mechanism of IPO-based
molecules has been reported only a few times in recent literature. Early experiments on
Cypridina luciferin and synthetic analogs suggested Oy binding at Cg or Cyp sites.?671 74
More recent computational investigations have focused primarily on Og binding at Cs
site. 987577 Oxygenation at C; was also reported, but it was found to have a high energy
barrier. ”® To our knowledge, oxygenation at C4 has not been previously investigated and is
a novel mechanism identified during the course of this work.

In this work, we focus on the steps of the CL mechanism of ADLumin-5 preceding the
chemiexcitation, as indicated in Fig. 3.2. Specifically, we carry out a comprehensive density

functional theory (DFT) study on the autoxidation and dioxetanone formation of ADLumin-

5, with a discussion on the effects of substituents in the other ADLumin-X molecules.

3.2 Methods

We found in earlier study? that computed emission wavelengths for ADLumin-X open-ring
products in the 180-U conformation (Fig. A.1) correlated well with experiment and were the
most stable reactant conformations (Table A.2, A.3). In this work, thus, all ADLumin-X
structures were modeled in the 180-U conformation. All calculations were carried out with
Q-Chem 6.1™ employing unrestricted density functional theory at the PBE0/6-31+G* level
of theory.323% To emulate experiments carried out in vitro with PBS (phosphate buffered
saline) solvent, the reaction was modeled using the SMD continuum solvation model for water
solvent.®? Optimized intermediate and transition state (TS) structures were confirmed by
numerical frequency calculations to have the correct number of imaginary frequencies (0 and
1, respectively). Minumim energy crossing points (MECPs) were located using Harvey’s

MECP search algorithm®1%2 as implemented in sobMECP.8 The MECP search algorithm
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minimizes the difference in energy between two states using two orthogonal gradients that
will converge to zero at the MECP geometry. The gradient f minimizes the difference in

energy between states, while the gradient ¢ minimizes the energy in the branching space.

= () (2

—

f=(Es—Er)% (3.2)

. OFg 1 aEs> fl]
= = | — — = |- — 3.3
g <aq> @ Kaq 7] (3.3)

where ¢ is the nuclear coordinates and S and T denote the singlet and triplet spin states,

The gradients are defined as

respectively.

3.3 ADLumin-5 Oxygenation

We studied the three aforementioned Og binding positions (Cg, Ca, and C4) shown in Fig.
3.2, where each site initiates a separate reaction path (A, B, and B’), each eventually converg-
ing to the same 1,2-dioxetanone intermediate. Singlet and triplet surface minimum energy
paths (MEPs) for the C-O bond formations were calculated by performing restrained ge-
ometry optimizations with the C—O bond distance gradually increased from the optimized
geometries for the first intermediates (I-1A, 1-1B, and I-1B’). These MEPs are shown in Fig.
3.3, where the reaction coordinates correspond to the atom numbering system shown in Fig.
3.2. To afford a fair comparison between the paths, AE is calculated relative to the sum of
the isolated reactant energies (singlet ADLumin-5 and 30s).

Minimum energy crossing point (MECP) searches along these surfaces yielded 2 distinct
MECP structures: one for Path A (MECP-A, Fig. 3.3a), and another shared by Paths B and
B’ (MECP-B/B’, Fig. 3.3b-c). MECP-A is lower in energy (7.4 kcal/mol) and has a Cg—O1q
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Figure 3.3: Singlet (blue) and triplet (red) potential energy surfaces, as well as minimum
energy crossing points (MECP, purple) for O3 binding to the ADLumin-5 reactant at three
different sites: a) Path A, b) Path B, and ¢) Path B’ Reaction coordinates correspond to the
atom numbering shown in Fig. 3.2. The structures are abbreviated to the IPO moiety for
clarity. All energies are plotted relative to the same reactants: 2Oy and singlet ADLumin-5
(R7). Unrestricted DFT calculations were performed using PBEO functional, 6-31+G* basis
set, and SMD model for water.

distance of 1.58 A. MECP-B/B’ (8.9 kcal/mol) occurs earlier in the C-O bond formation
process for both Path B (Co-O19 = 2.39 A) and Path B’ (C4~O1; = 2.44 A). The O-O bond
length is nearly the same for both MECP structures (1.30 A), closely resembling that of the
superoxide anion radical (1.33 A, Fig. A.3). Towards further study of the single electron

55 we examined the

transfer (SET) mechanism previously proposed for cypridina luciferin, %
O2 ChEIPG charges along the C-O bond formation coordinates (Fig. A.2), where all paths
begin with a slightly negatively charged Os. This suggests a charge-transfer interaction
between ADLumin-5 and triplet oxygen that contributes to the negative AE value for C-O

bond distances of 3.0-3.2 A in all panels of Fig. 3.3.

3.4 ADLumin-5 Intramolecular Rearrangement

Following oxygenation, a series of intramolecular rearrangement steps brings the system to
the dioxetanone intermediate that will eventually undergo chemiexcitation during decar-
boxylation. The energy profiles for each mechanism are shown in Fig. 3.4, where all energies
are also plotted relative to the sum of the isolated reactants to provide a fair comparison.

Structures and key bond distances are shown in Fig. 3.5. Our key findings on these three
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reaction paths are as follows: 1) Path A has the highest energy transition state (TS-2A,
10.8 kcal/mol) and reaches the final intermediate in 3 steps, 2) Path B’ converges to Path
B, thus Path B’ undergoes a total of 4 rearrangement steps, and 3) Path B generally has
low barriers and requires only 2 steps to reach the final intermediate. Overall, the highest
activation energy (E, = 16.1 kcal/mol) was calculated for T'S-2A, the only transition state
involved in the breaking of two bonds (C-O and C-N bonds) at the same time (Fig. 3.5).
Paths B’ and B are connected in two ways: their first intermediates (I-1B and [-1B’) share
an MECP (MECP-B/B’) along a bifuracting pathway, and the third intermediate for Path
B’ (I-3B’) is identical to I-1B, indicating that Path B’ is an alternative “precursor” route to
Path B. The shared MECP indicates an equivalent barrier for oxygenation at Co and Cy,
though I-1B’ is the least stable I-1 (-2.1 kcal/mol as compared to -8.5 kcal/mol and -9.7
kcal/mol for I-B and I-1A, respectively) and has a thermally more accessible barrier for the

reverse reaction to form either I-1B or I-1A.
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Figure 3.4: Calculated electronic energies (in kcal/mol) for ADLumin-5 reaction paths: a)
Path A, b) Paths B and B’. I-4A and I-3B are identical, as are I-3B’ and I-1B. The structures
are abbreviated to the IPO moiety for clarity. All energies are plotted relative to the same
reactants: 305 and singlet ADLumin-5 (R™). Unrestricted DFT calculations were performed
using PBEO functional, 6-31+G* basis set, and SMD model for water.

The geometries, relevant bond distances, and energy differences for the three paths are
shown in Fig. 3.5. The first transition states all involve the formation of the second C-O

bond, with the most favorable (T'S-1B) connecting the oxygen to a carbon atom adjacent

to the initial binding site. In contrast, bridging across multiple atoms causes a distortion of
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the IPO in I-2A and to a larger degree in I-2B’, which has a higher energy than other second
intermediates (I-2A and I-2B). TS-2A and TS-2B’ both involve C-O bond dissociations and
are much higher in energy than TS-2B, which involves a C-N bond dissociation that brings
Path B to the final intermediate (I-3B). Path A requires an additional step to reach the
same final intermediate through the closure of the 1,2-dioxetanone seen in T'S-3A. The most
favorable mechanism thus proceeds through Path B, which has the fewest and generally

lower barrier rearrangement steps.
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Figure 3.5: ADLumin-5 intermediate and transition state geometries with bond distances

and energy changes (in kcal/mol) for Paths A (top), Path B (middle), and Path and B’ (bot-
tom). The structures are abbreviated to the IPO moiety for clarity. Unrestricted DFT calcu-
lations were performed using PBEO functional, 6-31+G* basis set, and SMD model for water.

3.5 Comparison of Key Reaction Steps for ADLumin-
X Molecules (X = 5, 6, 7, and 8)

To investigate the effects of substituents on the autoxidation mechanism, the same reac-

tion pathways were calculated for the other ADLumin-X molecules (Fig. A.4). While the
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ADLumin-5 structures were used to build initial geometries, all structures were re-optimized
and verified to have the correct number of imaginary frequencies. The highest energy barrier
steps for each path are shown in Fig. 3.6, where the energies for each molecule are plotted
relative to their corresponding reactant. ADLumin-8 is omitted from Fig. 3.6 as the energy
profile is nearly identical to ADLumin-7 (Table A.4, Fig. A.4). Substituents on the benzo-
furan (ADLumin-7 and -8) had minimal effect on the mechanisms as the autoxidation takes
place entirely on the IPO moiety. In contrast, the electron-withdrawing (cyano) group on
the TPO moiety had a substantial impact on the energy profiles for all paths. Most notably,
relative to ADLumin-5, the ADLumin-6 MECP-A is lowered significantly while MECP-B/B’
is raised. This indicates a stronger preference for Oy binding to Cg, which is only slightly
favored for ADLumin-5. In addition, the stabilization of I-2A would further slow down the
forward /backward reactions from this intermediate. While the energy barriers were actually
lowered for T'S-1B’ and TS-2B with ADLumin-6, a deeper energetic well of I-2A and higher

energy MECP-B/B’ likely negate the effects this would have on the overall rate.

a) Path A b) Paths B and B’ i
TS-2A MECP-B/B’ === ADLumin-5
120 11.7 == ADLUMIN-6
=116 —_— :
MECP-A 110.8" o1 TS-1B I-28 ADLumin-7
7.7 ' i e S22 7.8
© 7.4 ' 64 . 62
2 6.3 6.1
' 3.3 h ' ) 1-1B'
R-+730, ' R- +20, 05
0.0 ! ' 0.0
I-2A | \
4.5/ 7121 1S-28
= -5.2
T 13
(I-3A A A
9.7 ﬁ 9.4 . ———
=10 -10.3 —
RN -10.5 -10.4 —r

Figure 3.6: Comparison of high-barrier steps for ADLumin-5 to the same reaction steps cal-
culated for ADLumin-6 and -7. a) Path A, b) Paths B and B’. All energies are plotted relative
to their respective reactants (309 and singlet ADLumin-X). The full pathways are shown in
Fig. S4. Unrestricted DFT calculations were performed using PBEO functional, 6-31+G* basis
set, and SMD model for water.
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The MECP structures are compared for ADLumin-5, 6, and 7 in Fig. 3.7. The significant
decrease in the MECP-A energy for ADLumin-6 can be explained by the orientation of the
unbound O atom, which closely resembles the I-1A structure of ADLumin-5. In contrast, the
O3 molecule is oriented horizontally in MECP-A for ADLumin-5 and -7 and must rotate to
form I-1A. The MECP-B/B’ structures are similar, though ADLumin-6 has slightly shorter
C-O distances, resulting in an increase in energy (2.8 kcal/mol) relative to ADLumin-5. This
effect is more pronounced at Cy, which is closer to the cyano group; 1-1B’ for ADLumin-6
was destabilized to a similar degree (2.6 kcal/mol).

ADLumin-5 ADLumin-6 ADLumin-7

@ 7.4 kcal/mol 3.3 kcal/mol @ 7.7 kcal/mol

MECP-B/B’

% 8.9 kcal/mol 11.7 kcal/mol * 9.1 kcal/mol

Figure 3.7: Comparison of ADLumin-5, ADLumin-6, and ADLumin-7 MECP-A and MECP-
B/B’ structures (abbreviated to the IPO moiety). Unrestricted DFT calculations were per-
formed using PBEO functional, 6-314+G* basis set, and SMD model for water.

3.6 Discussion

This work details three competing mechanisms for the autoxidation of deprotonated
ADLumin-X dyes in water. While reports could only be found for the most efficient of

these (Path B), a quantitative comparison to previous theoretical studies on IPO-based

73,77,78

chemiluminescent probes could provide insight into the effects of protonation state,
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substituent groups, and solvent molecules on the IPO core functionality. Compared to the
neutral form, anionic coelenterazine (CTZ) derivatives may be more affected by solvent
polarity ™ and have been found to undergo autoxidation more readily when modeled with ™’
and without solvent.”®

Our mechanism for Path B most closely resembles that published by Ding et al. for
CTZ™ - both include an initial open-ring peroxide intermediate, followed by a stepwise 4-
membered ring closure and dissociation of C1—Ng to form the dioxetanone (I-3B). In contrast,
Xie et al. found a concerted mechanism for I-3B formation from an open-ring peroxide;%®

1,7 as well as a “gauche-in” conformation

a similar mechanism was reported by Isobe et a
that bypasses the open-ring peroxide altogether. In the bisdeoxycoelenterazine (bis-CTZ)
and Diphenylterazine (DTZ) autoxidation mechanisms published by Yeh et al.,”" the final

ground-state intermediate resembles I-2B, rather than I-3B.

3.7 Conclusion

In this work, we focus on ADLumin-5, which is a bright, turn-on chemiluminescent probe for
the detection of AS aggregates and represents a great step towards in vivo clinical detection
of biomarkers of Alzheimer’s disease. We aim to provide theoretical insights into multiple
factors governing the chemiluminescent efficiency of ADLumin probes. Specifically, our key

findings are as follows:

o The autoxidation and 1,2-dioxetanone formation of ADLumin-5 proceed through mul-

tiple competing pathways, with Path B being the most kinetically favorable.

o While oxygenation is not strongly favored for any specific position, the more complex
mechanisms and higher energy intermediates for Paths A and B’ likely contribute less

to the chemiluminescent quantum yield of ADLumin-5.
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o The electron-withdrawing cyano substituent at Cs of ADLumin-6 induces a preference

for oxygenation at Cg, which leads to a thermally inaccessible energy barrier in Path A.

« -OH and -OMe substituents on the benzofuran (ADLumin-7 and -8, respectively) had

little impact on the energetics of the predicted reaction paths.

Related to the last two findings, our results indicate that while the low quantum yield of
ADLumin-6 can potentially be attributed to a slower autoxidation reaction, the same cannot
be said for ADLumin-7 and -8. The combined results of this work and Ran et al. suggest
that substituents not directly attached to the IPO moiety could have a significant impact
on chemiexcitation.

Looking forward, we are following others in the community 62:646575,77.78,84 ¢4 inyestigate
the decomposition mechanism of 1,2-dioxetanones, which is important as cyclic peroxides
have become a common feature among many CL and BL molecules.® The dynamical surface
crossing around the Sg-S; conical intersection will be the main focus of our exploration of the
chemiexcitation mechanisms of ADLumin-X molecules. Currently, work is also underway on
a spin-adiabatic model of the spin-crossing oxygenation reaction, which accounts for spin-
orbit coupling and can provide a fuller description of the oxygenation.

Overall, we hope that the work we present here aids in understanding not only the chemi-

luminescence mechanisms of ADLumin-X molecules, but also other IPO-based reporters
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Chapter 4

A Computational Modeling of ADLumin Chemi-
luminescence: Chemiexcitation and Photon

Emission

4.1 Introduction

In chemiluminescent reactions, chemiexcitation occurs via a conical intersection (CI) be-
tween the ground (Sp) and first excited state (S7). Imidazopyrazinone (IPO)-based CL
molecules undergo chemiexcitation through thermolysis of the 1,2-dioxetanone. 9%:68:86 Stud-
ies have found that deprotonated IPOs tend to have lower energy barriers compared to pro-
tonated counterparts.®:86 Several mechanisms for the decomposition of the 1,2-dioxetanone
ring have been investigated, including chemically initiated electron exchange luminescence
(CIEEL),%"® charge transfer induced luminescence (CTIL),%%73758% and charge transfer
induced decomposition (CTID).% 92 Amongst these, a theoretical study by the Liu group
provided strong support for a gradually reversible CTIL mechanism in firefly dioxetanone
(FDO™)%" involving two separate conical intersections (CIs) for the O-O and C-C bond
cleavages. In this section, we follow that work and focus on the decomposition of a similar

dioxetanone ring and emission of ADLumin-5.
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4.2 Chemiexciation: S)/S; Conical Intersection

This section presents our preliminary results for the dioxetanone decomposition of ADLumin-
5. The firefly dioxetanone decomposition mechanism identified by the Liu group%’ was

reproduced as a test case for validating the methods used in our study.

4.2.1 Methods

All calculations were carried out using the Q-Chem 6.4 software package.?® Ground state
unrestricted density functional theory optimizations were performed using the PBEO func-
tional®® with the D3(BJ) dispersion correction®® and 6-31G** basis set.?* Mixed-reference
spin-flip time-dependent density functional theory (MRSF-TDDFT) single point calculations
were performed using the BHHLYP functional® and 6-31G** basis set. The SMD contin-
uum solvation model for water solvent® was used for all ADLumin-5 calculations, while

FDO™ was modeled without solvent.

4.2.2 Results

The dioxetonane decomposition pathways obtained for FDO™ and ADLumin-5 are shown
in Fig. 4.1. For FDO™, a smooth intrinsic reaction coordinate (IRC) pathway was obtained
starting from the T'Sg.g geometry from ref. 67. Using these ground state geometries, MRSF-
TDDFT single point energies clearly show the nearly degenerate Sy and S7 energies at Clp.o
and Clc.c. A similar TSg_g structure was created for ADLumin-5, though an IRC connecting
the closed and open dioxetanone rings could not be obtained. Instead, the ground state
reaction path for the dioxetonane decomposition of ADLumin-5 was obtained via the freezing
string method (FSM).? Upon stretching the O-O bond, spin-restricted DFT calculations
became unstable due to spin contamination, resulting in the discontinuities shown in Fig.

4.1b. MRSF-TDDFT calculations show a near Sy/.S; degeneracy at 3.5 A; this structure is
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Figure 4.1: Dioxetonane decomposition pathways obtained for a) FDO~ and b) ADLumin-5.
Shown in gray are ground state reaction paths acquired at the PBE0-D3(BJ)/6-31G** level of
theory. The MRSF-TDDFT Sj and S; energies calculated at the BHHLYP /6-31G** level of
theory are shown in black and red. The SMD solvent model was used for ADLumin-5, while
FDO™ was modeled in the gas phase.

similar to Clg.o of FDO™, though with a longer O-O distance. Additionally, a small dip in
Sy energy at 4.2 Afor ADLumin-5 resembles the S; topology seen around Clc.c of FDO™.
However, due to the difficulties in calculating the ADLumin-5 ground state reaction path

with DFT, an accurate comparison of the ADLumin-5 and FDO™ dioxetonane decomposition

mechanisms has not yet been made.

4.3 Photon Emission: Effect of Structural Modifica-

tions on Emission Wavelengths

This section is adapted from:*

Zhang, J.; Wickizer, C.; Ding, W.; Van, R.; Yang, L.; Zhu, B.; Yang, J.; Wang, Y.; Wang,
Y.; Xu, Y.; Zhang, C.; Shen, S.; Wang, C.; Shao, Y.; Ran, C. In vivo Three-Dimensional
Brain Imaging with Chemiluminescence Probes in Alzheimer’s Disease Models. Proc. Natl.

Acad. Seci. 2023, 120, 2310131120, DOI: 10.1073/pnas.2310131120.
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4.3.1 Methods

DFT and TDDFT calculations were performed using the Q-Chem 5.2 software package>”
All calculations were performed using the conductor-like polarizable continuum model
(C-PCM)? with the dielectric constant of DMSO(46.7); in addition, the optical dielectric
constant of DMSO (2.18) was used for the absorption (i.e., vertical excitation) energy cal-
culations. For each molecule, the ground-state geometry was optimized using DFT with
the wBI7X-D functional®” and 6-31+G* basis set.?* At the optimized geometries, TDDFT
calculations were performed using the same functional and basis set to obtain vertical excita-
tion energies. For each molecule, the lowest-energy excited state with a significant oscillator
strength (greater than 0.7) was chosen to analyze absorption peaks and as the initial state
for subsequent emission wavelength calculations. For the emission spectra calculations, we
started from the ground-state geometries and performed further geometry optimization on
the chosen excited state potential energy surface. In order to ensure the optimization pro-
ceeded on the same surface, we used the state tracking algorithm implemented in Q-Chem,
which is based on the transition density overlap in the atomic orbital (AO) representation

between consecutive geometries.
Sth = Tr(RiS12R}' Sy1) (4.1)

Here, S12 and So; are the overlap matrice between basis functions at the two geometries
and its tranpose, R} is the transition density matrix for the excitation from the ground
state to the i-th excited state at the previous geometry, R} = Cvi1(Xi1+Y1) C;l, and
R%T is the transposed transition density matrix for excitation to state j at the current
geometry, R} = Cv2(Xj2+Y,2) COTQ. The HOMO-LUMO energy gaps shown in Fig.4.3

were calculated at the optimized excited state geometries.
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4.3.2 Results

Experimental evidence indicates that ADLumin-5 has a slight peak in chemiluminescence at
a pH of 3, and intensifies above pH 7.4.% While the anionic ADLumin reactant is thought
to undergo oxygenation and dioxetanone formation, it is possible that protonation occurs
prior to photon emission as depicted in Fig. 4.2a. Additionally, the open ring product could
also be protonated in solution following the CL reaction. Indeed, the significant red shift of
experimentally measured fluorescence (FL) compared to CL wavelengths suggests emission
from two different species. As such, both neutral and anionic ADLumin-X analogs (X =
5-8) were modeled in the lowest energy 180-U conformation (Fig. A.1 and Table A.2). The
calculated emission wavelengths of the anionic species are plotted against the experimental
CL wavelengths in Fig. 4.2a, while calculated emission wavelengths of the neutral species

are shown in Fig. 4.2b against the experimental FL. wavelengths.

Table 4.1: Experimentally measured fluorescence and chemiluminescence wavelengths, as
well as calculated emission wavelengths for neutral and anionic ADLumin open ring products.
Calculations were performed using the wB97X-D functional, 6-31+G* basis set, and PCM
model for DMSO. Adapted from ref 4.

Experiment Calculated
X Chemiluminescence Fluorescence [ADLumin-X(O)]~ ADLumin-X(O)
5 544 588 540 556
6 593 617 955 586
7 474 497 516 496
8 457 489 017 499

While the emission wavelengths calculated for the anionic [ADLumin-X(O)]~ (Fig. 4.2b
and Table 4.1) are red shifted compared to neutral ADLumin-7(O) and ADLumin-8(O), the
opposite is true for ADLumin-5(0) and ADLumin-6(0O). Thus, it is not possible to conclude
from this comparison which species is responsible for the CL emission. In both cases, the
trend in calculated emission wavelengths among analogs of different X-groups aligns well

with the experimentally observed trend.
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Figure 4.2: a) Anionic and neutral forms of the ADLumin-5 open ring product. b) Calcu-
lated emission wavelengths for anionic ADLumin products plotted against the experimentally
measured chemiluminescence wavelengths. c¢) Calculated emission wavelengths for neutral AD-
Lumin products plotted against the experimentally measured fluorescence wavelengths. Calcu-
lations were performed using the wB97X-D functional, 6-31+G* basis set, and PCM model for
DMSO. Adapted from ref 4.

The strategic placement of functional groups with electron donating or withdrawing ca-
pabilities can be used to alter orbital energies and tune absorption or emission wavelengths.
The [ADLumin-X(O)]™ molecules are a good demonstration of this principle, as our results
indicate that only a HOMO-LUMO transition is involved in the emission (Fig. 4.3, the
correlation between orbital energies and excitation energy is relatively straightforward. The
longest emission wavelength was observed for [ADLumin-6(O)]~, which can be attributed to
stabilization of the LUMO due to the electron withdrawing cyano group on the IPO moiety
(Fig. 4.3). Interestingly, electron donating groups (EDGs) on the phenyl of the benzofuran
had an even more substantial effect on emission wavelengths. Though the -OH and -OMe
groups of [ADLumin-7(O)]” and [ADLumin-8(O)]™ aren’t typically considered to be sub-

stantially stronger EDGs than -NRg, the combination of HOMO stabilization and LUMO
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Figure 4.3: HOMO-LUMO gaps for the anionic ADLumin-X open ring products. DFT cal-
culations were performed using the wB97X-D functional, 6-31+G* basis set, and PCM model
for DMSO. Adapted from ref 4.

destabilization resulted in signifantly shorter emission wavelengths relative to [ADLumin-

5(0)]~. Similar trends were observed for the protonated ADLumin-X open ring products
(ADLumin-X(0O), Fig. A.5).

4.4 Conclusion

In this work, we focus on the chemiexcitation portion of the ADLumin-5 chemiluminescence
mechanism, as well as the effects of structural modifications on photon emission. Chemiex-
citation was examined through an effort to locate the CI(s) that occur during decomposition
of the dioxetanone ring. While it is not clear yet why the methodology applied to FDO™

does not yield a similar reaction pathway for ADLumin-5, a more accurate pathway may be
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obtained once optimizations at the MRSF-TDDF'T level of theory are available.

Photon emission was examined via TDDFT calculations of emission wavelengths from
relaxed excited-state geometries. The red shift caused by an electron-withdrawing IPO
substituent was attributed to stabilization of the LUMO, while larger blue shifts observed
for electron-donating benzofuran substituents were caused by effects on both the HOMO and
LUMO. While the oxygenation and dioxetanone formation processes discussed in Chapter
3 occur on the ITPO moiety, the results discussed here indicate that functionalization of the
benzofuran may be more suitable for tuning emission wavelength without compromising
reaction rate.

The delocalization of the frontier MOs suggests that it may be fruitful to examine the
effects of structural modifications on chemiexcitation, as barriers to CIs would also impact the
chemiluminescent efficiency. Once methodology for modeling the ADLumin-5 dioxetanone
decomposition mechanism is established, a logical next step would be to extend this approach
to ADLumin-6, -7, and -8. Non-adiabatic molecular dynamics simulations will be necessary
to study the rates of surface crossing events, including relaxation mechanisms, as well as the

mechanism by which AS aggregates enhance chemiluminescence.
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Appendix

Supplemental information

A.1 Supplemental information for Chapter 2

Table A.1: Wavelengths (in nm) and oscillator strengths (in au) for the lowest energy ab-
sorption, as well as vibrational entropies (in cal/mol/K) of squaraine analogs calculated using
the PBE functional and 6-31+G* basis set.

X R Ao1 (nm)  for (au) Sy (cal/mol/K)
Br ETM 701.6 0.103 197.3
Cl ETM 704.0 0.080 194.2
F ETM 698.9 0.060 190.9
H ETM 700.8 0.051 183.6
Br CHs 752.3 0.002 129.8

H CHs 741.5 0.002 115.1
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A.2 Supplemental information for Chapter 3

A.2.1 Conformations of ADLumin molecules

ADLumin-1 ADLumin-5
\ )k,/ i
N Et
/ M / Et. @_\\_[ A o I8
/ p / in-t
180 180-D 180-U
(o] 0
J N)kLIK N \@)_\_(/_N)T
\ W W Ve
/N ‘hlj (o]
Et

000 000-D 000-U

Figure A.1: Conformations of ADLumin-1 and ADLumin-5. 000 and 180 indicate the tor-
sional angle of the atoms circled in purple. For ADLumin-5, -D and -U indicate down and up
positions of the benzofuran oxygen atom

Table A.2: Energies (in kcal/mol) of 000-D, 000-U, 180-D, and 180-U ADLumin reactant
conformations from unrestricted DFT calculations using the PBEO functional, 6-31+G* basis
set, and SMD model for water. The naming convention is demonstrated in Fig. A.1.

Conformation ADLumin-5 ADLumin-6 ADLumin-7 ADLumin-&

000-D 2.45 2.46 1.64 1.69
000-U 3.99 3.96 4.01 3.99
180-D 2.37 2.19 1.76 1.74
180-U 0.00 0.00 0.00 0.00

Table A.3: Energies (in kcal/mol) of 000 and 180 ADLumin-1 reactant conformations from
unrestricted DFT calculations using the PBEQ functional, 6-31+G* basis set, and SMD model
for water. The naming convention is demonstrated in Fig. A.1.

Conformation ADLumin-1
000 0.00
180 1.61
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A.2.2 Oxygenation of ADLumin-5

0, Charge (a.u.)

a) Path A b) Path B c) Path B’
0.0 "t ene,, o e, .
e "'“‘-*1-.‘“' . - Triplet
\ -t - Singlet
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S SUSOUUUUUIE () NSRS K,
-1.04 + \-‘ B \\‘
3.0 25 2.0 1.5 3.0 2.5 2.0 1.5 3.0 25 2.0 1.5
C4-01; Distance (A)

Cg-010 Distance (A)

C2-01¢ Distance (A)

Figure A.2: ChEIPG charges for Oy calculated along the singlet and triplet minimum energy
paths for the formation of intermediate 1. a) Path A, b) Path B, and c¢) Path B’ Unrestricted
DFT calculations were performed using the PBEO functional, 6-31+G* basis set, and SMD

model for water.
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< MECP-A 4 I-1A
7.3 kcal/mol -9.7 kcal/mol

~ MECP-B/B’
8.9 kcal/mol

I-1B’
-2.1 kecal/mol

-

30, oy
Figure A.3: MECP and I-1 structures, bond distances, and energies for a) Path A, and b)
Paths B and B’. ¢) Bond distances for Og calculated as a triplet and a doublet superoxide

anion radical. Unrestricted DFT calculations were performed using the PBEO functional, 6-
31+G* basis set, and SMD model for water.
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A.2.3 Reaction paths for ADLumin-X molecules

Table A.4: Minimum Energy Crossing Point (MECP), Intermediate (I), and Transition State
(TS) energies (in kcal/mol) of ADLumin-X molecules from unrestricted DFT calculations us-
ing the PBEO functional, 6-31+G* basis set, and SMD model for water. All energies are plot-
ted relative to reactants (*0z and singlet ADLumin-X).

ADLumin-5 ADLumin-6 ADLumin-7 ADLumin-8

MECP-A 7.36 3.30 7.75 7.75
[-2A -2.26 -9.67 -4.46 -4.44
TS-2A 10.80 11.97 11.58 11.62
[-3A -10.97 -9.27 -10.31 -10.36
MECP-B/B’ 8.94 11.70 9.06 9.07
[-1B’ -2.11 0.47 -2.08 -2.09
TS-1B’ 6.37 8.16 6.29 6.28
[-2B’ 6.20 7.84 6.09 6.11
[-2B -10.38 -9.37 -10.48 -10.49
TS-2B -5.21 -6.75 -5.42 -5.44

[-3B -8.38 -11.15 -8.52 -8.54




A. Appendix

a)

o8

R+ 0 ADLumin-6 T5-24
12.3 Path A zo
MECP-A H
EER i
Rt TP :
0.0 . |
L '
1 0
=ty ! | TS-34
I ; \ R
\I-1A . 3-2 = LI
- — 0.3 I-4A
=11.1
40 Paths B and B
b) R-07  mEcP-am -
123 —
s TR S
: TS-18 I-28°,
8.2 =T
30, L ram
R0 N
0.0 03 | L3g  TS-1B
[;J.o[i iy
! -28
ol
" 1-28 - .
. o +, I-38
ADLumin-7 —— -11.1
c} —R;;:r‘ . MECP-A Path A FU
Fan % 1
. 'I
R+ 70,7
0.0 B TS-1A !
| 5] -2
ot
' ) TS-34
lolh 6.5 e, I-4A
-0 1-34 . X
10.3
Paths B and B'
d} ndey Ff‘-—E;':'B.-'fF 15-20"
L Tl IS-18 125, 8.2
T 63 6.1
o =
AR TS-2B
. I-3E 7 A8 R
e LB L : *., 1-38B
T — * a—
B3 128 -85
0.5
ADLumin-§ ==
R+ OF Path A :
&) ;7 MECP-A
il
" T
R0,
00 TS-14 ;
—_—
A 1-24
prl¥
) TS-34
m——
14 : A T-4A
7.9 WID3A 84
—
104
- R Paths B and B'
f R« 05 MECP I?.".B T=-28°
LEI I S TS-1B'  1-2B° B2
) e, d 63 6.1 \
X . K )
0.0 L1B"
2.1

i

I-35" <" -48 %
I-1B .-

e T

r)

1S-28
o=y
Py ol
/ v, I-38
. - ki,
\ I-2B

10.5

8.3

Figure A.4: Paths A, B, and B’ for ADLumin-6 (a-b), ADLumin-7 (c-d). and ADLumin-8
(e-f). Unrestricted DFT calculations were performed using PBEO functional, 6-31+G* basis
set, and SMD model for water.
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A.3 Supplemental information for Chapter 4

ADLumin-5(0) ADLumln H(0) ADLumin-7(0) ADLumin-8(0)
Mﬂ % 5%%% f e
-0.971 eV -0.999 eV LUMO -1.007 eV
-1.224 eV
AE = 5.434 eV AE = 5.309 eV AE = 5.845 eV AE = 5.815 eV
HOMO -6.405 eV 6.533 eV
HOMO -6.844 eV HOMO -6.822 eV

Figure A.5: HOMO-LUMO gaps for the neutral ADLumin-X open ring products. DFT cal-
culations were performed using the wB97X-D functional, 6-31+G* basis set, and PCM model
for DMSO. Adapted from ref 4.
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