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ABSTRACT

Absorption spectra of molecules encode structural details of the local electrostatic
environment via coupling of the local electric field with charge redistribution through the
molecule upon optical excitation. Electroabsorption spectroscopy, also known as Stark
spectroscopy, provides a simple method for determining dependence of electronic
transition energies on the local field by measuring and interpreting perturbations to the
absorption spectrum due to a well-characterized external electric field. In this
dissertation, electroabsorption spectroscopy has been utilized, first, to estimate the
second-harmonic generation cross section of the intracellular signaling metabolite
lumichrome, second, to measure optical band gap tuning of the molecular electronic
component perylene diimide by an external electric field, and, third, to exploit optical
transition energies of the ubiquitous enzyme cofactor flavin to measure flavoenzyme
active site electric fields. Experimental measurements are complemented by time-
dependent density functional theory calculations to interpret experimental results and
localize charge redistribution within the molecular frame.

Lumichrome is a photodegradation product and catabolite of flavin cofactors that
additionally serves as a signaling molecule for plants and bacteria. As a mediator of
bacterial quorum sensing, lumichrome is transported across bacterial membranes. While
transiting bacterial membranes, the average orientation of the trafficked lumichrome may
be sufficiently anisotropic to allow detection by second-harmonic generation
spectroscopy, the magnitude of which is a function of charge redistribution upon optical
excitation and may be estimated by Stark spectroscopy. Using Stark spectroscopy we
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have estimated lumichrome’s second harmonic generation cross-section to be
approximately 80% that of flavin adenine dinucleotide, which has previously successfully
been used as a second-harmonic generation probe.

Perylene diimide is an n-type organic semiconductor that is widely used in
organic photovoltaics, light emitting diodes, and other molecular opto-electronics.
Electric fields within electronic devices utilizing monomeric and / or aggregated perylene
diimide alter the band structure of the chromophore, possibly providing a tunable
parameter for the improvement of these devices. Stark spectroscopy has been used to
measure tuning of the optical bandgap of monomeric perylene diimide by an external
electric field. The centrosymmetry of the molecule causes the difference permanent
dipole moment of the first singlet electronic excitation to approach zero. The change in
polarizability following excitation is also modest, with the trace of the difference
polarizability equal to 42 A3 and the component of the difference polarizability along the
transition dipole moment equal to 29 A>. Electric fields within molecular electronics are
on the order of 1 MV/cm. Such an electric field would redshift the Sio transition energy
of monomeric perylene diimide by 16.25 cm!, which is less than 0.1% of the transition
energy (18500 cm™).

Flavin adenine dinucleotide and flavin mononucleotide are ubiquitous enzymatic
cofactors mediating catalytic transfer of one or two electrons. Flavin cofactors are
ubiquitous because of their versatile and tunable reactivity. For example, the two-electron
reduction potential of flavin can be continuously tuned through a range of over 400 mV
by differing interactions with flavoenzyme active site residues. We have utilized Stark

spectroscopy to measure charge redistribution upon optical excitation for the first two
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excited states of oxidized flavin in the aprotic, non-polar solvent toluene, with and
without a tridentate hydrogen-bonding ligand. In comparing this data with previously
reported measurements, we conclude that charge redistribution is independent of solvent
polarity. As such, flavin’s optical transition energies may be used to indirectly measure
flavoenzyme active site electric fields directly from the perspective of the
electrostatically-tuned flavin cofactor, enhancing our understanding of flavin-dependent

biochemistry.
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CHAPTER 1
INTRODUCTION
1.1 General Introduction

Non-covalent intermolecular forces, including hydrogen-binding, the hydrophobic
effect, and the various interactions between charged, polar, and polarizable groups,
organize the higher order structure of polymeric biomolecules, such as proteins, nucleic
acids, carbohydrates, and lipids.! These forces mediate the transient interactions among
small molecule metabolites and biopolymers that underly cell signaling and
communication, and tune the chemical reactivities of enzyme active site groups to
optimize biochemical thermodynamics and regulate flux through anabolic and catabolic
pathways. Beyond biochemistry, non-covalent intermolecular forces control
conformations and tune electronic properties of conjugated polymers,?> molecular
aggregates,® and liquid crystals.*

Non-covalent intermolecular interactions are primarily electrostatic in nature,
meaning that the strength of the interaction between two chemical groups is, via
Coulomb’s law, a function of the charge distribution of each group and their relative
orientation. The potential energy of interaction between two ionic groups can be
modelled as the Coulomb potential of interaction between two point charges. Models for
pairwise potentials of interaction involving permanent and induced dipoles include
additional terms.> Complex distributions of charged, polar and polarizable groups through

space, as are present in enzyme active sites and at molecular ligand-binding interfaces,



present complex superpositions of interacting electric potentials that can be simplified
concisely and cohesively in terms of the total electric field.®

The potential energy of interaction of a polarizable, dipolar molecule with the
local electric field evolved by surrounding chemical groups, representing for example the
interaction of an enzyme’s substrate with the electric field generated by residues of the

enzyme active site, is given by the power series expansion’
> - 1 > :)) -
V=—ji-F-SF-aF (11

Here, (i is the permanent dipole moment of the molecule, & is the dipolar

polarizability of the molecule, and F is the dipolar electric field. For most biochemically
relevant systems and field magnitudes, higher order polarizabilities contribute negligibly
to the total potential energy of interaction.

Improving our understanding of the mechanism of electrostatic tuning of
biochemical processes via perturbations by the local electric field requires knowledge of
the electric field on the molecular scale.’ For systems absorbing or emitting light, the
electric field interacts with the unique charge distributions of the ground and excited
states differently due to the redistribution of charge upon the transition between states.?

For the transition from an initial state i to a final state f, the change in the transition

energy AEf; due to the local field F is
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This perturbation of the transition energy of an atom or molecule due to the
interaction with an external electric field is termed electrochromism, or the Stark effect,
after the German physicist Johannes Stark, who observed splitting of hydrogen atomic
emission lines in an external electric field in 1913.° The measurement of the perturbation
of an external electric field on the absorption (emission) spectrum of an atom or molecule
is termed electroabsorption (electroemission) spectroscopy, or absorption (emission)
Stark spectroscopy. In this work electrochromism is used interchangeably with the Stark
effect, and electroabsorption spectroscopy is used interchangeably with Stark
spectroscopy. The use of “Stark” is more common historically, especially in the chemical
literature, but the alternative names have the benefit of actually describing the physical
observable and avoid the fallacy that simply observing Nature endows ownership.

Initial applications of electroabsorption and electroemission spectroscopies in the
first half of the twentieth century focused on analysis of gas phase systems, and
contributed to the early development of quantum theory.!® A model for understanding
electrochromism of isotropically distributed chromophores immobilized in the condensed
phase was developed by Wolfgang Liptay in the 1960s'!, extending the technique to a
much larger set of chemically and physically interesting systems. Liptay’s formalism
interprets the field-dependent change in the absorption band shape of a sample of
immobilized, usually isotropically oriented chromophores excited in the presence of well-
characterized external electric field in terms of a number of molecular parameters
characterizing the difference in the chromophore’s charge distribution following

excitation. These parameters include the magnitude of the molecule’s difference



permanent dipole moment upon excitation from the ground state |0) to the excited
state [n) , |Aflno|, the angle between the difference permanent dipole moment Afi,,, and
the transition dipole moment 1,,,, {0, the trace of the difference polarizability tensor,

TrAa,,,, and the component of the difference polarizability tensor parallel to the

transition dipole moment, 7, - Aczxno * M,,0. The construction of the electroabsorption
spectrometer, as well as the method of measuring and interpreting electroabsorption
spectra, are given in Chapter 2.

By measuring changes in the absorption spectrum of an isotropically-distributed
chromophore due to perturbation by a well-characterized field and determining the
chromophore’s characteristic charge redistribution parameters, it is possible to introduce
the chromophore to a new environment, such as the active site of an enzyme or binding
interface of a receptor, measure the spectral perturbation of the chromophore induced by
the novel environment, and extract the information regarding the magnitude and direction
of the local electric field via the chromophore’s known charge redistribution parameters.
1.2 Specific Applications of Electroabsorption Spectroscopy Presented in this Thesis

A number of excellent reviews summarize the wide variety of systems previously
studied using Stark spectroscopy.® 71212 The Stanley group, specifically, has previously
utilized electroabsorption spectroscopy to study the excited state structures of enzymatic

14-16

flavin cofactors and their derivatives in simple solvents and bound by

17-19 "as well as of fluorescent nucleic acid base analogs.?’?? In this thesis, I

flavoenzymes
will present applications of electroabsorption spectroscopy in evaluating, first, the utility

of the flavin photodegradation product lumichrome as a possible candidate for stand-off



detection of bacterial quorum sensing via second harmonic generation,'® second, the
electro-optical band gap tunability of the n-type organic semiconductor perylene diimide
in the monomeric state, and, third, the dependence of charge redistribution in flavin upon
optical excitation on solvent polarity.?3

1.2.1 Stark Spectroscopy of Lumichrome: A Possible Candidate for Stand-Off
Detection of Bacterial Quorum Sensing

Lumichrome (7,8-dimethyl-1H-benzo[g]pteridine-2,4-dione or LC) is a tautomer
of flavin (7,8-dimethylbenzo[g]pteridine-2,4(3H,10H)-dione or 7,8-dimethylisoalloxazine
or FL) in which the N10 hydrogen shifts to the N1 atom with a resultant decrease in
conjugation of the tricyclic aromatic system (see Figure 1.1). LC is not enzymatically
synthesized directly, but its biological precursor riboflavin (N10-ribytl-7,8-
dimethylisoalloxazine or RBF) is biosynthesized in copious amounts by plants and
bacteria by RBF synthase.?* Animals lack the riboflavin synthase enzyme and must
obtain RBF by ingestion.?> Lumichrome is one of the primary products of the facile
photodegradation of riboflavin and its derivatives flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD).?® Additionally, LC is a product of the enzymatic
catabolic degradation of riboflavin.?’

While FAD and FMN are critical enzymatic cofactors due to their favorable
reduction potentials in both ground and electronic excited states?®2° for performing
electron-transfer mediated reactions, lumichrome has not (yet) been found in this role. Its

ground state reduction potential, which has only recently been determined by cyclic

voltammetry, is significantly more negative than oxidized RBF,*® and more negative than



most biological redox cofactors in the ground state, including nicotinamide cofactors®!.
This suggests a rationale for it not being found as a redox cofactor.

The facile photodegradation of oxidized vitamin B; and its derivatives efficiently
produces lumichrome with the concomitant loss of the ribityl side chain, probably
through a triplet-induced electron transfer reaction.?® 32 Since flavins are ubiquitous in
cellular biochemistry,?’ LC can build up in the cell with a variety of physiological
consequences, principally that of a feedback regulator of riboflavin synthesis or

catabolism, which proceeds via riboflavin hydrolase,?’- 3334

an enzyme that has been
known since the 1940s.3

Another recent discovery is that lumichrome inhibits riboflavin transport in rat®¢

37-40 36, 38, 40,

and human’’*" retinae, possibly leading to riboflavin deficiency and ocular issues.
4! Studies on the human retina have shown similar results.*> Lumichrome’s apparent
deleterious effects on cellular function render lumichrome transport essential. For this
purpose, the RBF transport protein dodecin also binds LC with high affinity, presumably
for cellular waste disposal.** Coincidentally, the wide adoption of white light-emitting
diode (LED) lamps with significant blue intensity appears to have accelerated the rate of
RBF/FMN photodegradation and concomitant increase in LC formation in the retina.**
Also of potential consequence is the use of blue light LEDs for treating seasonal affective
disorder and jetlag.*> 46

FMN is utilized as a genetically encoded singlet oxygen generator (SOG) in

28,47, 48

miniSOG proteins, parts of LOV domains in which a molecule of FMN absorbs

blue light to generate 'O> with high yield. The inevitable photodegradation of the FMN to



LC gives a LC-miniSOG with a singlet O2 yield an order of magnitude larger than for
FMN-miniSOG, given LC’s high intersystem crossing rate.*’

LC functions as a signaling molecule. In concert with RBF, it can affect plant
growth at the nanomolar level in a species-dependent manner.’® When LC is secreted
outside of the cell, it appears to provide a bacterial quorum sensing signal leading to
biofilm formation.>!-3 Since biofilms of pathogenic organisms represent a human health
risk, their early detection would be an important achievement. LC exhibits low
fluorescence emission>* which is advantageous for second-harmonic generation (SHG)
detection.

Since secretion of LC would require passage through the cell membrane,
interface-sensitive stand-off spectroscopic techniques should produce sensitive optical
signatures. We hypothesize that lumichrome has a sufficiently large difference dipole
moment, , Afis; = iy — fi;, to facilitate noninvasive spectroscopic stand-off detection of
biofilm formation®'-> through second-harmonic generation.>* %% SHG efficiency requires
a large B (hyperpolarizability) value, which correlates positively with the magnitude of
the difference dipole moment. The molecular prerequisites for efficient SHG have been
discussed in the literature.>’

The only experimental data on LC charge redistribution are the molecular
relaxation studies on methylated LC derivatives by Shcherbatska ef al., giving a
Afi;o ~ 1 D.>® Here, we present low-temperature absorption and Stark spectra to
determine the degree and direction of charge redistribution in the two lowest-energy

bright excited electronic states of lumichrome. Density functional theory calculations at



the TD-B3LYP/6-311+G(2d,p) level of theory were used support these assignments. The
hyperpolarizability of LC was estimated relative to FAD, a tautomeric derivative. The
|Afi;o] obtained here confirms the result obtained by Shcherbatska et al., and is ~30%
lower than that of flavin, suggesting that LC would be a modest probe of bacterial
quorum sensing. However, the charge-transfer character of higher excited transitions, we
will argue, will provide for stand-off detection of biofilms.
1.2.2 Optical Bandgap Tuning of Monomeric Perylene Diimide

Perylene diimide (PDI) and its derivatives are among the most promising building
blocks for next-generation molecular electronics poised to reduce the cost of efficient
organic solar cells (OSCs)*°, organic light-emitting diodes (OLEDs)®, organic field
effect transistors (OFETs)®!, and medical photoactive diagnostic and therapeutic agents®?.
PDIs possess such wide applicability for a number of reasons. PDI molecular electronics
are solution-processable and are characterized by favorable chemical and photo-
stability.®* % From a functional perspective, PDIs exhibit strong visible absorption, high
fluorescence quantum yields, large Stokes shifts, high electron mobilities, and a HOMO /
LUMO band structure conducive to action as an n-type semiconductor.®* % Many of the
properties of PDIs responsible for their wide applicability emerge as PDI monomers
aggregate to form higher order structures stabilized covalently® or non-covalently®®. For
example, a recent theoretical and experimental paper by Oleson et al. demonstrates that
altering substituents of the PDI core changes molecular packing of derivatized PDI
aggregates sufficiently to shift the relative magnitudes of long-range Coulombic and

short-range charge transfer excitonic couplings, selecting between a red-shifted, brightly



emissive J-aggregate state and a blue-shifted, dimly emissive H-aggregate state.’” Gregg
et al. have shown that doping an excitonic semiconductor PDI aggregate with reduced
anionic PDI covalently linked to a cationic countercharge causes an exponential increase
in conductivity with respect to dopant concentration.®

An essential step in expanding applicability of PDI-based organic semiconductors
is improving tunability of the molecular HOMO/LUMO band gap, the energy required to
promote an electron from a material's localized valence band to delocalized conduction
band.® 7° Because the working principles of molecular electronic devices such as OSCs,
OFETs, and OLEDs involve generation of internal electric fields varying in space and
time,%!- 7173 the electric field dependence of PDI’s HOMO/LUMO electro-optical band
gas is a logical parameter for optimizing PDI band gap engineering. The capacity of
internal electric fields to dynamically tune band gaps of single- and many-molecule

74-84 yet the dependence of the

molecular electronics in sifu has been explored extensively,
optical band gap of PDI on the local electric potential has, to our knowledge, not been
reported. In this study, therefore, we determine the electro-optical band gap tunability of
monomeric perylene diimide using Stark spectroscopy.

Ara and Ahmed published a Stark absorption spectroscopic study of the perylene
core of PDI in a polymethyl methacrylate (PMMA) film,% in addition to a Stark
fluorescence study by Ara et al. of perylene also in PMMA.3¢ The concentrations of
perylene in PMMA in these two studies ranged from a mole percentage of perylene of

0.1% to a mole percentage of 3.0%. As aggregation of perylene in a PMMA thin film

begins below a perylene concentration of 0.1%, the charge redistribution parameters



obtained in these studies are for a mixture of monomeric and aggregated perylene.’’
Perylene is a centrosymmetric molecule, giving a negligible difference dipole moment.
The trace of the difference polarizability tensor, however, is non-zero. Ara and Ahmed
report that the trace of the difference polarizability tensor for the first singlet excitation of
the mixed perylene aggregate in PMMA is 10.07 A3 for a perylene mole percentage of
3.0%,%¢ a modest change in polarizability upon excitation. Aggregation should increase
polarizability relative to the monomer, meaning that the independent polarizability of the
perylene monomer should be less than 10 A?. For comparison, the change in
polarizability for the Sio transition of enzyme-bound flavin mononucleotide, a similarly
rigid but asymmetric chromophore with 70% the number of aromatic n-electrons of
perylene, is 23 A3, assuming a local field correction factor for the protein environment of
1.5.3% Shen et al. have published a Stark absorption study of crystalline 3,4,9,10-
perylenetetracarboxylic dianhydride, a structural analog of PDI in which the nitrogen
atoms are substituted by oxygen atoms, but this study focused on characterizing exciton
formation in the molecular crystal.®’

We have specifically selected the functionalized PDI N,N’-bis(2,6-
diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic diimide (Figure 1.2), commonly
called Perylene Orange (PO) or Lumogen Orange (LO), dissolved in anhydrous toluene
for this Stark absorption spectroscopy study. Perylene Orange is a derivative of PDI with
diisopropylphenyl substituents of the imide nitrogen atoms. Substituents to the imide
nitrogen atoms and/or the otherwise hydrogenated perylene carbons tune the

photophysical characteristics and reactivity of individual PDI molecules, and also
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determine the molecular packing arrangement of PDI aggregates.”*?

Perylene Orange
was selected for this study because it remains monomeric in chloroform below a
concentration of 2 mM.** Toluene is less polar than chloroform,®® so the predominately
aromatic and hydrophobic Perylene Orange should be monomeric in toluene at a
concentration of approximately 1 mM, permitting high signal-to-noise Stark spectra to be
captured. It is preferable to determine the electro-optical band gap tunability of the PO
monomer prior to that of an aggregate because photophysical attributes of the aggregate
are influenced by the specific composition and packing arrangement of a given aggregate.
The photophysical attributes of the monomer represent the central characteristics of the
material without the imprint of a particular aggregate morphology. Also, the vibronic
structure of the absorption spectrum of PO has been well-characterized both

experimentally and theoretically.” %7

In conjunction with transition dipole moment vector
components calculated using density functional theory, the attributes of the difference
polarizability given by the Liptay analysis could allow future study of correlation of
changes in the electronic structure upon excitation to curvature of the nuclear potential
energy surfaces of normal modes strongly coupled to the electronic transition. Finally,
PO is a standard chromophore used in the design and optimization of luminescent solar
concentrators, an emerging technology that may play a key role in reducing the cost of

solar energy.”$-100
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1.2.3 Flavin Charge Redistribution upon Optical Excitation is Independent of
Solvent Polarity

Flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) are
pervasive enzymatic cofactors connecting two-electron and one-electron redox pathways
by cycling in the electronic ground state through five biologically-relevant protonation-
oxidation states: oxidized quinone, one-electron reduced anionic semiquinone, protonated
neutral semiquinone, two electron-reduced anionic hydroquinone, and protonated neutral
hydroquinone!?-1%, These cofactors are also capable of photoinduced electron transfer,
as in the case of DNA Photolyase (PL)!%, a bacterial enzyme that utilizes a quantum of
blue light to correct UV-induced DNA lesions, and Fatty-Acid Photodecarboxylase
(FAP)!%, a microalgal enzyme decarboxylating fatty acids to yield an aliphatic product.
Flavin cofactors have recently been found to couple endergonic and exergonic reduction
of separate substrates via electron bifurcation!'?’, and participate in a plethora of covalent

catalytic mechanisms!®®

. Beyond catalysis, flavin cofactors mediate blue light
photoreception!? in Blue-Light Sensing Using FAD (BLUF) domains!!?, Light-Oxygen-
Voltage (LOV) domains'!!, Cryptochromes'!?, and the intermediate CRY-DASH!!3,
which exhibits both photoreception and limited DNA Photolyase functionalities. One
reason that flavin cofactors are so ubiquitous is that their ground and excited-state
reduction potentials, already usefully poised for exchanging electrons among common
metabolites, are electrostatically tunable by selective perturbation from flavoprotein
active site’s charged and polar residues!!#!2°, The ground-state two-electron reduction
potential of flavin at physiological pH is continuously tunable through range of over 500

mV'?!, Under biochemical standard conditions, this 500 mV range corresponds to a
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difference in free energy of more than 70 kJ/mol. For comparison, hydrolysis of one mole
of ATP under biochemical standard conditions releases 30.5 kJ'?2,

Expanding the flavin reactivity vocabulary is an attractive target for developing
novel enzymes to accomplish industrially-important reactions in an efficient and
sustainable manner, not least of all because there is such an expansive natural library of
flavoenzymes from which to begin rational (re-)design and /or directed evolution!?3-12°,
Doing so requires understanding the mechanism of electrostatic tuning of flavin
reactivity, which in turn requires simple and accurate methods of measuring flavoenzyme
active site tuning electric fields directly from the perspective of the tuned flavin
cofactor!!®. Stark spectroscopy can be used to translate perturbations in spectroscopic
observables to magnitudes and directions of perturbing local electric fields.® By
measuring the change in molar extinction of a chromophore as a function of a well-
characterized externally-applied electric field, it is possible to fit the difference extinction
as a weighted sum of the zeroth-, first-, and second-derivatives of the unperturbed
extinction spectrum, and, using the Liptay formalism for electrochromism!!, extract a
series of parameters encoding the redistribution of charge throughout the molecular
framework upon optical excitation. In transitions from the ground state to the nth excited
state, these charge redistribution parameters include the magnitude of the difference
permanent dipole moment, |Afi,o| = ii,, — [, , the angle between the difference
permanent dipole moment and the transition dipole moment, {4, the trace of the

difference polarizability tensor, TrAa,, and the component of the difference

polarizability tensor along the transition dipole moment, 1 - A&, - m. The fitted charge
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redistribution parameters can then be used to correlate spectroscopic shifts in transition
energy to the magnitudes and directions of perturbing local electric fields inducing the
shifts. Additionally, Stark spectroscopy provides information regarding the flavin excited
state charge distribution that is otherwise challenging to measure, with implications for
better understanding the structure and function of light-dependent flavoproteins, as well
as testing the accuracy of computational methods to reproduce flavin experimental
values.!3?

Our group has previously used Stark spectroscopy to study flavins and flavin
analogs' in the simple solvents ethanol, butanol, and 2-methyltetrahydrofuran'4,
glycerol/buffer mixtures,'3! and in the flavoenzymes E. coli photolyase!? and S.
pastorianus old yellow enzyme'®. The broad trend in this work is that the difference
dipole moments of the flavin S0 and Sz transitions are independent of the local
environment, within experimental uncertainty, but that the difference polarizability does,
variably, depend on the local environment. The trace of the difference polarizability of
the Sio transition decreases with increasing polarity from TrA&,; o= 22 A3f2 in 2-
methyltetrahydrofuran, to 17 A3 £2 in butanol, to 14 A3f2 in ethanol, where f is the local
field correction factor, a quantity that increases with increasing solvent dielectric
constant.!3* Similarly, the trace of the difference polarizability of the S transition
decreases with increasing solvent polarity, from TrA&,= 162A3f2 in 2-
methyltetrahydrofuran, to 149 A3 2 in butanol, to 79 A3f2 in ethanol. In old yellow
enzyme, the Sy trace difference polarizability, 198 A3£?2, is greater than that of the S,

51432 | while in photolyase, the Sy trace difference polarizability, 57 A3£2, is less than
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that of the Sio, 134 A3f2. It is logical that the difference polarizability is more sensitive to
the local environment than is the difference dipole moment, as the difference
polarizability is, roughly, the derivative of the difference dipole moment with respect to
the local electric field, and the second derivative of the change in energy of the transition
with respect to the local electric field.

In order to interpret these trends in the dependence of flavin’s charge
redistribution upon optical excitation on the local environment, it is necessary to obtain a
baseline measurement of flavin’s root electro-optical charge redistribution parameters in
a minimally-interacting, non-perturbing, and, most importantly, non-hydrogen-bonding,
environment. To analogously study the reduction potential of flavin in a similarly non-
interacting environment, Cerda et al. synthesized the derivatized flavin tetraphenylacetyl
riboflavin (TPARF), which, in contrast to FAD, FMN, and riboflavin, is soluble in
benzene to greater than 250 mM!34. The researchers found that the two-electron reduction
potential of TPARF in benzene was -1252 mV versus ferrocene, 72 mV more negative
than that of TPARF in dichloromethane, a solvent which is capable of weakly hydrogen
bonding to the diazadiene nitrogen atoms and diimide carbonyls of the flavin heterocycle.
By introducing the tridentate hydrogen bonding ligand dibenzylamidopyridine (DBAP) to
TPAREF in benzene, the researchers found that the two-electron reduction potential shifts
+100 mV, indicating that hydrogen bonding to the flavin diimide moiety preferentially
stabilizes the charge distribution of the reduced flavin over that of the oxidized flavin.
Structures of TPARF and DBAP, with hydrogen bonds indicated, are given in Figure 1.3.

The solubility of TPARF in the non-polar, glass-forming solvent toluene provides a
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unique system to study charge redistribution upon optical excitation of flavin in a non-
interacting molecular environment. Furthermore, the addition of DBAP allows analysis of
the role of specific hydrogen bonds in tuning differences between flavin’s ground and
excited state electronic structures.

To these ends, we have performed Stark spectroscopy on TPARF and
TPARF:DBAP in toluene, and analyzed the results in terms of complementary TD-DFT
calculations and in light of previous Stark spectroscopic analyses of flavins in different

environments.
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Figure 1.1. Lumichrome and related compounds. Lumichrome and other degradation
products are generated from riboflavin, FMN, and FAD through photodegradation and
through catabolism of riboflavin by the enzyme riboflavin hydrolase in bacteria.

S esstens

Figure 1.2. Line structure of Perylene Orange. Line structure of N,N’-Bis(2,6-
diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic diimide (Perylene Orange).
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CHAPTER 2
MEASURING AND INTERPRETING ELECTROABSORPTION SPECTRA

The Stark spectrometer has been previously described in detail.!*> 136 Briefly,
emission from a 300 W Xe arc lamp (Oriel) is focused upon the entrance slit of a 1/8 m
monochromator (CVI) with a 2 nm bandpass and a wavelength accuracy of 0.1 nm.
Light exiting the monochromator is then coupled into a I m long, 1.000 mm diameter
solarized fiber optic (Edmund Optics) that projects the beam through an adjustable Glan-
Taylor polarizer onto a lens, which in turn focuses the monochromatic light into the Stark
cuvette, itself immersed in liquid nitrogen within a dual-chambered cryostat (Janis). After
passing through the sample cuvette, the light is focused onto an unbiased silicon
photodiode (Hamamatsu S1226-5BQ) connected to a Keithley 427 current amplifier, in
turn connected to a lock-in amplifier, as described below.

The Stark cuvette is constructed of two Corning boro-aluminosilicate glass slides
(1.91 cm x 2.54 cm x 0.7 mm), each of which is coated on one side with a transparent,
conductive coating of indium tin oxide (ITO, 70-100 /cm, Delta Technologies). The
conductive surfaces of the two offset slides are separated by Kapton spacers with a
thickness of either 25 pm or 50 um. The shorter pathlength enables formation of a better
glass at 77K. The space between the two ITO surfaces serves as the capacitive cuvette,
and, after being filled with the sample of interest, is spring-clipped to a cold finger and
immersed in the liquid nitrogen bath of the cryostat. The cold finger is designed to be

able to be rotated so that the experimentally important  parameter, the angle between the
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polarization vector of the probe beam and the applied electric field, may be accurately
controlled.

The cuvette is connected via copper leads to a TREK 609 High Voltage
Amplifier. A Stanford Research Systems SR830 digital lock-in amplifier is used to
generate a sinusoidal variable amplitude waveform at 3.5 kHz up to approximately 1.500
Vrums. This waveform is amplified by the TREK 609 by 103 to give an electric field at the
sample of up to 300,000 V/cm for an input voltage of 1.060 Vrms and pathlength of 47
um. Phase-sensitive detection at the second harmonic of the 3.5 kHz waveform gives the
difference in the intensity of the transmitted light as a function of the sinusoidal electric
field. Because the field-induced change in transmission is typically on the order of 10, a
measurement of the transmitted intensity, lo, can be made simultaneously by digitizing
the amplified photocurrent using a 16-bit analog-to-digital converter (National
Instruments PCI-6036E).

The low-temperature absorption spectrum was also measured in the same cuvette
and spectrometer using a 1 kHz optical chopper (ThorLabs) to modulate the probe beam
for lock-in detection of the transmitted intensity at the 1 harmonic of the chopper
frequency. The blank for the low temperature absorption spectrum, measured separately,
consists of the glass-forming solvent alone.

Stark spectra were recorded at applied fields ranging from of 2.4 x 10° V/cm to
3.2 x 10° V/em at both y=55° and ¥=90°. Cooling from 298K to 77K causes the glass-
forming solvent to contract, leading to an increase in the concentration of studied

chromophore. The degree of solvent contraction upon freezing is determined by filling a
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100 um demountable quartz cuvette 75% with the solvent of interest, marking the level of
fill, immersing the cuvette in liquid nitrogen, and measuring the change in height of the
frozen solvent in the cuvette using a NIST-traceable digital micrometer. Ethanol exhibits
a solvent contraction of 20%, and toluene exhibits a solvent contraction of 16%. Aqueous
8M LiCl and 1:1 water-glycerol do not change in volume measurably upon freezing.
Stark and low-temperature absorption spectra are scanned in equal-energy steps, as the
scanned transitions are linear in energy, not wavelength. An overview of the absorption
Stark spectrometer are provided in Figure 2.1.

Stark spectra are interpreted using the Liptay formalism.!! The energy-weighted
change in extinction for an immobilized, isotropically distributed population of
chromophores due to the presence of an applied electric field is modelled as a weighted
sum of the zeroth, first, and second derivatives of the energy-weighted extinction in the

absence of the field,

Ae(D) 21 (D) B, d [(£(¥) C d? [(e(D)
7 = (elFD {AX (T)Jrﬁﬁ( 7 >+300)2(h2 dﬁ2< 7 )} @1

where AST@ is the energy-weighted change in extinction for v = %, fc 1s the local field

correction factor, |}_7)' | is the magnitude of the applied external electric field, ? is the
energy-weighted extinction in the absence of the electric field, ¢ is the speed of light, and
h is Planck’s constant. The A,, B,, and C, terms weighting the different derivatives are

functions of molecular quantities characterizing charge redistribution upon optical

excitation, and of the experimental parameter y defined above.
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The A, term is a function of the polarizability and hyperpolarizability of the
molecular transition dipole moment 77. Because these quantities are small for most
chromophores, the A, term is usually orders of magnitude lower than the B, and C,
terms, making the contribution of the zeroth-derivative term to the Stark spectrum
negligible.

The B, term, weighting the first derivative component of the Stark spectrum,

describes

5 _ 3_, - 1 _
B, = ETrAcYnO + (3cos?y—1) <§m"0 A0y Mypg — ETTACYno) (2.2)

the change in polarizability upon excitation. In Eqn. 2 above, TrAQ,, is the trace of the
difference polarizability tensor for the excited versus ground state of the molecule, and
Mo - Allyg - My is the component of the difference polarizability that is parallel to the
transition dipole moment. Polarization of the chromophore by the applied external
electric field lowers the energy of the ground and excited states, leading to a contribution

to a first-derivative line shape in the Stark spectrum.

The C,, term, weighting the second derivative component of the Stark spectrum, is
a function of Afi,,o, the change in permanent dipole moment of the molecule following
excitation, and of ,,, the angle between the difference permanent dipole moment and the

transition dipole moment.

Cy = |Anol(5 + (3 cos2y = DB cos?0uo — D} (23)
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Coupling of the external field to the difference permanent dipole moment can
shift the excitation energy to higher or lower values depending on the orientation of the
molecule to the field, contributing a second derivative line shape to the Stark spectrum.

The Stark and low temperature absorption spectra were simultaneously fit using
an in-house MATLAB!7 program called STARKFIT. Using this program, the low
temperature absorption spectrum is first fit to a sum of Gaussian functions. These
Gaussian functions are not physically significant, but are useful because of their
analytical differentiability. The number of Gaussians used to fit a given transition is the
minimum number required to produce random residuals. The program then performs a
simultaneous weighted non-linear fit to the Stark and low temperature absorption spectra.
The weighting factor instructs the program to bias the fit towards minimizing the Stark
versus low-temperature absorption residuals, accommodating different S/N levels among
the experimental spectra. STARKFIT also internally corrects the baselines of the input
spectra using a user-defined wavelength range. Once the fit is optimized, a Monte Carlo
routine determines the sensitivity of the fit to the value of the fitted Liptay charge
redistribution parameters, allowing the uncertainty in the fitted values to be estimated.

Local field correction factors are estimated using the method of Mathies!3, which
assumes the chromophore solute to be in an ellipsoidal cavity of solvent, which in turn is
modelled as a continuous dielectric. The local field correction factor for lumichrome in
ethanol was found to be 1.65, for perylene diimide in toluene to be 1.25, and for
tetraphenylacetylriboflavin and the tetraphenylacetylriboflavin:dibenzylamidopyridine

complex in toluene to be 1.24 and 1.26, respectively.
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HENG S |op) (C

Figure 2.1. An overview of the Stark spectrometer in use in our group. (A) xenon arc
lamp and light intensity controller, (B) 1/8-m monochromator, (C) fiber

optic outlet, (D) Glan—Taylor polarizer, (E) plano-convex focusing lens, (F) cryostat,

(G) double convex focusing lens, and (H) photodiode. The photodiode Faraday cage

and current amplifier are not shown in this image.'?
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CHAPTER 3

STARK SPECTROSCOPY OF LUMICHROME: A POSSIBLE CANDIDATE
FOR STAND-OFF DETECTION OF BACTERIAL QUORUM SENSING

3.1 Overview

Lumichrome (7,8-dimethylalloxazine, LC) is a natural photodegradation product
and catabolite of flavin coenzymes. Although not a coenzyme itself, LC is used for bio-
signaling in plants and single-celled organisms, including quorum sensing in the
formation of biofilms. The non-invasive detection of in vivo lumichrome would be useful
for monitoring this signaling event. For molecules that undergo a large change in charge
redistribution upon light excitation (e.g. charge transfer) there are optical detection
methods (e.g. second harmonic generation) that would be well suited to this task. Here
we have used Stark spectroscopy to measure the extent and direction of charge
redistribution in photoexcited LC. Stark and low temperature absorption spectra were
obtained at 77 K on LC in ethanol glasses and analyzed using the Liptay analysis to
obtain the difference dipole moments and polarizabilities. These data were complemented
by a computational analysis of the excited states using DFT at the TD-B3LYP/6-
311+G(2d,p) level of theory.
3.2 Sample Preparation and Computational Methods

Lumichrome (99% purity) was obtained from Acros and used without further
purification. However, its purity was checked by reverse-phase C18 column
chromatography using 1:1 methanol:water, which showed a single peak only (Agilent
126 with diode array detector). All solutions were prepared fresh in anhydrous ethanol
(EtOH, Pharmco-Aaper). Extinction coefficients for lumichrome were determined on two
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standard solutions made by dissolving ~22 (+£0.1) mg LC in 100 mL neat EtOH in a
volumetric flask to make a saturated solution. The stoppered solution was sonicated at
65°C for a total of 20 minutes and allowed to cool to room temperature. A 1 mL sample
was extracted, filtered using a 0.22 um poly(vinylidenedifluoride) syringe filter (Fisher),
and its absorbance measured. The remaining 99 mL cloudy solution was then filtered
under vacuum using a 0.22 um poly(tetrafluoroethylene) membrane filter (Millipore) that
had been pre-weighed. The undissolved LC on the filter was weighed after drying. This
mass, along with the absorbance of the 1 mL filtered sample solution gave the room
temperature extinction coefficients of the two lowest energy optical transitions of the
lumichrome in dry ethanol.

Room-temperature UV-vis spectra were measured in fused silica cuvettes in
pathlengths from 0.1-1.0 cm using either a Hewlett-Packard 8453 or 8452A Diode Array
Spectrophotometer. Spectra were baseline-corrected using SpectraGryph.!3® The
concentrations of LC/EtOH solutions were determined based on the measured extinction
coefficient for LC in EtOH from the standard solutions as described above.

The low-temperature absorption spectrum of LC in EtOH was measured using a
cuvette formed from two sapphire windows measuring 1 cm in diameter and 0.52 mm in
thickness (Swiss Jewel) separated by a ceramic annulus of thickness 510 um (Upchurch
Scientific). The low temperature spectrum was measured using our in-house constructed
Stark spectrometer (see Ch.2). Contraction of the EtOH upon flash-freezing to 77K was
20 £ 5% based on measuring the change in the height of the solution versus the frozen

glass. This contraction leads to an increase in concentration by a factor of 1.25.
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All theoretical calculations were completed in the gas phase at the B3LYP/6-
311+G(2d,p) level of theory using Gaussian16.!*° First, the ground state molecular
geometry of lumichrome was optimized, and a frequency calculation conducted to verify
that the optimized geometry was a minimum of the nuclear potential energy surface.
Second, an excited states calculation was completed to determine the transition energies,
transition dipole moments, and oscillator strengths of the ten lowest energy electronic
excited states of lumichrome. Third, the finite field method was used to determine the
difference permanent dipole moments characterizing electronic transitions from the
ground state of lumichrome to each of the two lowest energy electronic excited states of

lumichrome of experimentally measurable oscillator strength.!#? Briefly, the energy of a

molecule in an external electric field, E (I?' ), may be approximated using a Taylor series
truncated at the second term such that E (ﬁ' )=E(0)— - F, where {i is the molecule’s
permanent dipole moment. Expanding the dot product as /i - F= iy * ﬁx + [y, * I?'y +

fy * 13)'2, and assuming that molecular energy depends linearly on field magnitude for field
magnitudes on the order of 0.001 a.u. (5.142 MV/cm), the component ji; of the

permanent dipole moment may be computed as

. (E(Fi=+0001a.w) - E(F, = —0.001 a.u.) -
Hi = 0.002 a.u (31

Gaussian16 permits single point calculations and excited states calculations to be
completed with finite electric fields projected in the positive or negative direction along

each of the three Cartesian axes. By cycling through each of the six possible finite field

components one at a time and computing molecular energies for the electronic ground
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state and each of the relevant electronic excited states in the presence of each finite field,
it is possible to determine the components of the permanent dipole moments of each
electronic state, and also therefore the components of the difference permanent dipole
moment characterizing each relevant electronic transition. Having calculated the
difference dipole moment and the transition dipole moment characterizing each
transition, it was possible to compute the angle between the difference dipole moment
and transition dipole moment, {,. Difference electron densities were computed using
Gaussian16, and visualized using GaussView 6.0.16.!#! All calculations conducted for
lumichrome were repeated for lumiflavin.

3.3 Results

Room temperature and low-temperature absorption spectra were obtained as
described above. The 298K spectrum (Figure 3.1) shows two near-UV broad bands
centered at 338 nm and 385 nm. Based on a replicate pair of measurements, these bands
have peak extinction coefficients of €385nm = 9100 £ 100 M cm™ and €3380m = 9500 £
100 Mt em,

There are a variety of measurements for the extinction coefficient of LC in
ethanol, varying from about 4,600 M cm™! to 50,000 M cm!.3% 142-144 The room
temperature absorption spectrum of lumichrome in dry ethanol was acquired at a range of
different lumichrome concentrations up to ~1 mM, but no evidence of dimerization was
observed (data not shown).

Three separate 77K absorption spectra of LC in anhydrous ethanol were averaged

(Figure 3.1). At 77K, the 385 nm band shifts by +2 nm to 387 nm, and becomes more
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structured, with apparent vibronic structure at 369 and 405 nm. The extinction falls to
€387om = 8500 £ 100 M! cm!. The band centered at 338 nm narrows and shifts +6 nm to
344 nm, with a decreased extinction coefficient of €344nm = 8000 + 100 M-lcm™!.

High signal/noise ratio Stark spectra were obtained at y=55° and 90° (Figure 3.2).
The electrodichroism of the Stark spectra (change in Ag vs. x) were examined to
determine the minimum number of electronic transitions spanning the wavelength region
of interest (~321-476 nm). The differing electrodichroism at approximately 340 nm and
380 nm strongly suggests that two electronic transitions span this range.

To verify that two electronic transitions are present, an initial absorption spectrum
fit using one set of gaussians (a single transition) was performed for LC where the
number of gaussians was varied from 3 to 8. The fits were poor (fits not shown),
verifying that at least two electronic transitions form the optical absorption spectrum of
LC in dry ethanol.

Fits using two and three electronic transitions were then performed. Since no
improvement was obtained in going from two to three transitions, the absorption/Stark
spectra were fitted under the assumption that lumichrome in dry ethanol undergoes two
distinct electronic transitions (So—S1 and So—S>) in the spectral range from 312 nm to
476 nm.

The best fit, with the minimal, random residuals, to both the Stark and absorption
spectrum for LC in anhydrous ethanol came from the two-transition fit with 14 total
gaussians (7 per transition). From this fit (Figure 3.2), we determined the values of the

Stark charge redistribution parameters based on the Ay, By, and Cy coefficients
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characterizing the electrodichroism of LC’s two optical transitions. These parameters are
compiled in Table 3.1. All values have been corrected for the local field correction factor,
fc, which has a value of 1.65 for LC in ethanol.

The properties of the first ten singlet electronic excited states S1-Sio of LC and LF
were computed and compared to the ground (So) states. Based on the generated electron
difference density maps (Figure 3.3), all of the transitions have m — ™ character. The
theoretical transition energy, the oscillator strength, fosc , magnitudes of the transition and

difference permanent dipole moments, m;and Afi;, as well as the angle between these

vectors, {4, are tabulated in Table 3.2 for the two lowest-energy bright electronic
transitions of LC and LF. The three lowest energy singlet-singlet transitions are within
the spectral scan range (312-476 nm), and have non-negligible oscillator strengths. Based
on fosc, the bright (observed) transitions should be assigned as Sio and S3o. However, if the

Sao state has significant charge-transfer (CT) character it may appear in the Stark spectra

as well as a large difference mean polarizability, TrAéfi. No evidence of this is found.

The mean polarizability change for the two observed transitions is modest, and therefore
the TD-DFT results suggest that the experimental data is best modeled using |Aji,o| (the
second derivative of the absorption spectrum), and that the assignment as Sio and S3p is
correct.

Charge redistribution (excitation difference density) maps and difference dipole
vector diagrams are shown in Figure 3.3. The computed transition dipole moment vectors
of LC and LF in EtOH are given as dotted arrows. Computed difference permanent

dipole moment vectors of LC and LF are given as solid, colored arrows, while the
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experimental difference permanent dipole moment vectors of LC are given as black
arrows.

As shown in the p-CI difference density (Ap = p,, — po) map for LC, the Sio
transition involves a relatively even redistribution of charge with |Aji;| = 1.88 D,

confirming the low experimental |Afi;,| = 0.97 D, as well as a small change in difference

polarizability, TrAc%lO. It can be seen that the Sio transition in lumiflavin involves greater
concentration of Ap in the conjugated diazarene group (N5-C4a-C10a-N1). On the
contrary, the S3o transition shows transfer of charge to the pyrimidine ring from the
pyrazine/xylene rings. This redistribution justifies qualitatively the change in direction
and increased magnitude of the Afiz, =5.37 D, compared to that for LF, Afi,o=4.32 D.
3.4 Discussion

The probability of second-harmonic generation by an oriented ensemble of

145,136 ig directly proportional to

chromophores, such as those transiting a cell membrane,
the second-harmonic generation cross-section characteristic of each chromophore, ggy,
which is itself proportional to the squared magnitude of the first optical molecular

hyperpolarizability,'47-15 8. Within the two-level approximation, the hyperpolarizability

iSISI, 152

,[)) — 392 wnOanIAﬁnOI
213 (Wno? — w?)(Wye? — 4w?)

(3.2)

where e is the elementary unit of charge, A is the reduced Planck’s constant, w,, is the
frequency of light exciting the chromophore from the ground state to the n'" excited state,

fno is the oscillator strength of the transition, and |Afi,,o| is the magnitude of the
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chromophore’s change in permanent dipole moment upon excitation. The parameter w is
equal to the frequency of the incident light.

The product, Wy fnolAfino|, in the numerator of this equation quantifies the
molecular determinants of the hyperpolarizability and thus the probability of SHG, while
the product (w,0% — w?)(wne? — 4w?) in the denominator quantifies the potential for
resonance enhancement of second-harmonic generation as a function of the frequency of
the incident light. If we assume that separate light sources are available for maximizing
the resonance enhancement of two specific transitions of two different molecules, then
the relative resonance-enhanced second-harmonic generation cross-sections of the two
molecules are a function of only each chromophore’s excitation frequency, oscillator

strength, and difference dipole moment, such that

2

2 - 2 |<wn0 S(U) - |Ap nOI)
Osug; _ |Bil* _ (wnofnolBfinoil® band U i (3.3)
= 5 < - > = 5 .
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where the oscillator strength f,,o has been substituted by the energy-weighted integrated
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extinction of the transition, [, —, to which it is directly proportional. 153

Second-harmonic generation by flavin derivatives designed to maximize
intramolecular charge transfer via push-pull motifs has been studied by our group'® and
others.!>* 155 Second-harmonic generation by native flavins, however, has been less
studied. To our knowledge, the only publication of second-harmonic generation by a
native flavin is that of Rinuy, Brevet, and Girault,'>® who measured resonance-enhanced

second harmonic generation by the first optical transition of molecules of oxidized flavin
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adenine dinucleotide bound by glucose oxidase oriented at an air/water interface. While
no Stark spectroscopic study of glucose oxidase has been completed to directly compare
LC’s potential for second-harmonic generation to that of FAD bound by glucose oxidase
in terms of intramolecular charge redistribution, we have published a Stark spectroscopic
study of oxidized FAD bound by photolyase.!” The cofactor binding pockets of glucose
oxidase and photolyase differ structurally, but to a first approximation both are
predominantly hydrophobic protein environments excluding solvent.

The first optically bright transition of oxidized FAD in photolyase is characterized
by an excitation frequency of 674.49 THz (corresponding to a 4,,,, of 444.48 nm), an
integrated energy-weighted extinction of 1747.37 M-'em™!, and a difference dipole
moment of 1.7 D. Since the first optically bright transition of LC has a smaller difference
dipole moment of ~1 D, we choose to exploit the next optically bright transition, n=0->3,
in the TD-DFT result, for comparison to FAD, using the work on two-photon cross
sections in higher excited states of trans-stilbene as a guide.'*” The S3 transition of LC in
ethanol is characterized by an excitation frequency of 889.98 THz (corresponding to a
Amax 0f 336.98 nm), an integrated energy-weighted extinction of 919.17 M-'ecm™!, and a
difference dipole moment of 2.2 D.

Assuming resonant illumination of each transition at appropriate energies, these
molecular parameters indicate that the relative resonance-enhanced second-harmonic

generation cross sections of these transitions of these chromophores to be
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The Sio transition of oxidized FAD bound in a protein environment is
characterized by a lower energy and slightly smaller difference dipole moment than the
S30 transition of LC, but also by a significantly greater energy-weighted integrated
extinction, giving LC a second-harmonic generation cross section that is approximately
80% that of FAD. Because the first optically bright transition of FAD bound within a
protein environment has previously been demonstrated to be robustly capable of
resonance-enhanced second-harmonic generation, and the resonance-enhance second-
harmonic-generation cross section of LC is just 20% less than that of FAD’s first
transition, we conclude that LC should function as an experimentally viable
intramembrane second-harmonic generation probe.

Here, we have presented the room-temperature absorption, low-temperature
absorption, and Stark spectra for lumichrome in dry ethanol. Since flavin has a useful
SHG cross section, we hypothesized that LC might also be a useful nonlinear
spectroscopic probe of bacterial quorum sensing, an indicator of retinal health, or in any
situation where LC is used as a signaling molecule through an interface as well. Since
RBF and FMN must pass through membranes, we speculated that LC, in particular,
would also be a good SHG probe of riboflavin/FMN uptake, transport, and

photodegradation. Excitation of LC can be accomplished using Ti:sapphire oscillators
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from 750 to 840 nm, a range at which light still has a large tissue penetration depth. A
further advantage of LC for SHG stand-off detection is its intrinsically small emission
quantum yield. FMN and RBF exhibit emission maxima at approximately 530 nm, with a
fluorescence quantum yield of 0.25, while LC exhibits an emission maximum at 480 nm,
with a fluorescence quantum yield of 0.04.2° However, for SHG detection, fluorescence is
an interfering background component, so the lower fluorescence quantum yield of LC
results in an approximately six-times reduction of this background.

To conclude, LC is collected and secreted from the cell as a waste product from
photodegradation and catabolism of cellular flavins, so that it is not surprising that it is
found to act as a biochemical signal for quorum sensing.>? An interesting opportunity
exists for LC imaging at interfaces by SHG, since it is used in quorum sensing and thus
must be transported through the cell membrane, the secretion process will involve LC
oriented at interfaces where it may be a useful indicator of metabolic stress and biofilm
formation. A final determination of its usefulness as a SHG probe in these cases awaits

dedicated experimentation.
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Figure 3.1. 298 K and 77 K absorption spectra of lumichrome in dry ethanol. Also
shown are transition-specific (blue/green lines) and total fit (black line) to the low-
temperature absorption spectrum (red circles).
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Figure 3.2. Lumichrome Stark spectra at two y angles. Spectra are normalized to an
applied external field of 1 MV/cm. The y = 55° results are an average of two spectra
averaged over 10 scans each, and the y = 90° results are an average of three such spectra.
Representative error bars are one standard deviation from the mean.
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Table 3.1. Fit charge redistribution parameters for lumichrome in dry ethanol at

77 K.
Transition** | A4, (nm) TrA&y; | My - A&y, -y |Alg| (D) 4 ©
M'em™) (A% (A%
Sio 387 +£2 8541 £ 100 | 59+0.6 1.1 £0.6 0.97 £+ 0.03 30+ 11
S30 344 + 2 8000 + 100 38+3 28+4 22+0.1 23+9

*The local field correction factor, fc for lumichrome in ethanol is 1.65.

** From DFT calculations.

Table 3.2. DFT results for gas phase lumichrome and lumiflavin. In this table the
designations of the electronic transitions correspond to the optically-bright,
experimentally-measurable transitions as determined by the TD-DFT calculations.

Compound | Transition A (nm) f | A0l (D) NG
Lumichrome S1o 367.00 0.0649 1.8840 21.05
S30 321.84 0.2235 5.3658 17.21

Lumiflavin S1o 412.92 0.1993 1.7674 65.33
Sa0 325.27 0.1464 43219 11.55
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Figure 3.3. Vector diagrams and difference density maps for lumichrome and
lumiflavin. Top: Calculated difference dipole moment vector diagrams for gas phase
lumichrome and lumiflavin calculated at the B3LYP/6-311+G(2d,p) level of theory using
Gaussian16W and visualized using GaussView 6.0.16. Bottom: Difference density maps
of LC and LF. The isovalue used is 0.0025 e”/au’. Green represents a region gaining
electron density upon excitation, while purple represents a region becoming more
electropositive upon excitation.
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Table 3.3. Molecular geometry of lumichrome optimized in the gas phase.
Optimization completed at the B3LYP/6-311+G(2d,p) level of theory using Gaussian16.
A frequency calculation was conducted to verify that the optimized geometry is a
minimum on the nuclear geometry potential energy surface. Coordinates are in

angstroms.

Atom X Y Z

C 3.908134 2.988834 0.000000
C 2.547934 2.345093 0.000000
C 1.366475 3.162481 0.000000
C 0.133851 2.560858 0.000000
C 0.000000 1.152087 0.000000
C 1.175041 0.340892 0.000000
C 2.435675 0.974576 0.000000
H 3.317287 0.344753 0.000000
N 1.088214 -1.011596 0.000000
C -0.120409 -1.520622 0.000000
N -0.245437 -2.897479 0.000000
C -1.440517 -3.585008 0.000000
N -2.567694 -2.770965 0.000000
C -2.636550 -1.376029 0.000000
C -1.299000 -0.716646 0.000000
N -1.228572 0.592992 0.000000
O -3.699264 -0.802759 0.000000
H -3.451816 -3.263606 0.000000
O -1.508489 -4.794555 0.000000
H 0.597983 -3.454754 0.000000
H -0.777180 3.147367 0.000000
C 1.481644 4.664027 0.000000
H 2.024281 5.025421 0.878275
H 0.496142 5.129128 0.000000
H 2.024281 5.025421 -0.878275
H 4.047148 3.626584 -0.877668
H 4.697515 2.237690 0.000000
H 4.047148 3.626584 0.877668
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Table 3.4. Molecular geometry of lumiflavin optimized in the gas phase.
Optimization completed at the B3LYP/6-311+G(2d,p) level of theory using Gaussian16.
A frequency calculation was conducted to verify that the optimized geometry is a
minimum on the nuclear geometry potential energy surface. Coordinates are in

angstroms.
Atom X Y Z
C -0.039452 0.000000 0.004482
C 2.070364 -0.000148 -1.916940
C 4.650650 -0.000178 -1.143382
C 5.320818 -0.000083 1.627970
H 4.543741 1.663658 2.592499
H 4.543930 -1.663882 2.592558
H 7.368622 0.000034 1.910397
C 6.577083 -0.000304 -2.941022
C 6.033327 -0.000413 -5.541686
C 3.466394 -0.000379 -6.322184
C 1.539611 -0.000249 -4.480369
H -0.395867 -0.000231 -5.164934
N 2.798667 -0.000458 -8.820730
C 4.583776 -0.000594 -10.506800
C 7.287552 -0.000652 -9.925361
N 7.902593 -0.000533 -7.382632
C 10.577272 -0.000528 -6.639793
H 10.993135 -1.690684 -5.523249
H 10.993152 1.689686 -5.523345
H 11.708303 -0.000589 -8.355484
N 9.106723 -0.000722 -11.599637
C 8.523321 -0.000693 -14.143567
N 5.938596 -0.000584 -14.833383
C 3.864879 -0.000914 -13.248821
O 1.696205 -0.000364 -14.027161
H 5.583823 -0.000450 -16.719859
O 10.117677 -0.000711 -15.810672
H 8.520417 -0.000321 -2.294477
H 0.045121 1.666263 1.237181
H -1.884347 -0.000144 -0.927904
H 0.045206 -1.665991 1.237539

41




Table 3.5. First ten excited states of gas phase lumichrome. Excited states calculated
at the B3LYP/6-311+G(2d,p) level of theory using Gaussian16.

Excited State Wavelength (nm) Oscillator Strength
1 367.00 0.0649
2 362.79 0.0011
3 321.84 0.2235
4 311.12 0.0001
5 258.57 0.0290
6 254.38 0.0000
7 250.81 0.0000
8 248.89 0.2674
9 243.26 0.0000
10 240.99 0.2555

Table 3.6. First ten excited states of gas phase lumiflavin. Excited states calculated at
the B3LYP/6-311+G(2d,p) level of theory using Gaussian16.

Excited State Wavelength (nm) Oscillator Strength
1 412.92 0.1993
2 391.09 0.0003
3 373.81 0.0003
4 325.27 0.1464
5 315.72 0.0000
6 306.18 0.0110
7 268.28 0.0002
8 264.81 0.0936
9 256.45 0.5767
10 249.32 0.0329
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Figure 3.4. Standard orientations of lumichrome and lumiflavin.
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Table 3.7. Vector components of theoretical transition and difference dipole
moments. Transition dipole moments (17) and difference permanent dipole moments
(Ap) of the two lowest experimentally-measurable electronic transitions of gas phase
Lumichrome and Lumiflavin calculated at the B3LYP/6-311+G(2d,p) level of theory
using Gaussianl6. Vector components are given in the above standard orientation. The
finite field method was used to compute the difference permanent dipole moments.
Coordinates are in units of Debye.

Compound | Transition Vector X Y Z

Si 17’1_) -0.83 0.29 0.00

LC A_;)z -1.43 1.22 0.00

Sa m -1.44 -0.53 0.00

Au -5.36 -0.26 0.00

Su 17’1_) -1.58 -0.47 0.00

LF A_[)l -1.17 1.33 0.00

Su m -1.25 0.10 0.00

Al -4.15 1.22 0.00
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Figure 3.5. Possible molecular orientations of experimental difference dipole
moments. The Sio difference permanent dipole moment of the lumichrome is given in
red, and the S;o difference permanent dipole moment of the lumichrome is given in blue,
relative to the theoretically determined transition dipole moments. In these figures, the
solid lines represent the difference permanent dipole moment possibilities and the dotted
line represent the transition dipole moment possibilities.
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CHAPTER 4
OPTICAL BAND GAP TUNING OF MONOMERIC PERYLENE DIIMIDE

4.1 Overview

Perylene diimide (PDI) and its derivatives are essential components of organic
molecular electronics revolutionizing solar technology and the digital world. These
compounds’ wide applicability is due to the range of useful photophysical attributes that
emerge as monomers aggregate to form higher order structures. In order to better
understand how aggregation builds on monomer photophysics in specific, technologically
useful ways, we have utilized Stark spectroscopy to measure charge redistribution
through the molecular structure of monomeric PDI upon optical excitation. Excitation
from the ground to first excited state increases the molecular polarizability by 42 A3,
predominantly along the molecule’s long axis. These data are complemented by a TD-
DFT study of the chromophore’s first excited state.
4.2 Sample Preparation and Computational Methods

N,N’-Bis(2,6-diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic diimide was
purchased from TCI America and used without further purification. Experimental
solutions were prepared by dissolving PO in anhydrous toluene to a final concentration of
958 uM. Room temperature UV/vis spectra were recorded using an HP8453 Diode Array
Spectrophotometer and a 2.0 mm path length quartz cuvette (Spectrocell).

Regarding computational methods, the molecular geometry of Perylene Orange
implicitly solvated!*® in toluene was optimized at the B3LYP/6-31+G(d)/PCM level of

theory using Gaussian16.13? A frequency calculation was completed at the same level of
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theory to verify convergence of the geometry optimization, and an excited states
calculation was performed to compute the ten lowest energy excited states of the system.
The SCF and CI densities were computed for the ground and first excited states,
respectively, and the difference density was visualized using GaussView6.1.!%° The finite
field method was used to determine the change in polarizability upon excitation from the
ground to first excited state.!®
4.3 Results

The 298K absorption spectrum of PO in toluene (Figure 4.1) shows distinct
vibronic structure, with four resolved vibronic bands between 16000 cm™! and 25000 cm’
!, The maximum extinction of PO in toluene at 298K is 71500 M-'em™!, occurring at an
energy of 19011 cm™.%® This is presumed to be the 09 transition. From this lowest-energy
band, a second band is centered at 20048 cm!, a difference in energy of 1037 cm! from
the 09 transition, and with an extinction of 51600 M-'cm™!. The next higher energy band
is centered at 21739 cm’!, a difference in energy of 1691 cm™! from the second band, with
an extinction of 18794 M-'cm™!. The fourth band is centered at 23148 cm’!, a difference
in energy of 1409 cm™! from band three, and with an extinction of 5085 M-'cm™!. The
spacing between bands of the vibronic structure is not constant because multiple vibronic
progressions characterized by different Huang-Rhys parameters and similar vibrational
quanta sum to give these four bands.”®

The 77K absorption spectrum of PO in toluene differs considerably from the

absorption at 298K. As a result of the increased spectral resolution afforded at 77K, the

lowest energy band is split into two components. The 09 band shifts slightly to lower
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energy by 457 cm™ to 18554 cm™!, narrows at half maximum height by approximately
50% and increases in extinction to 74000 M-! cm™!. A vibronic band appears as a shoulder
at 19065 cm™!, a difference in energy of 511 cm’!, with an extinction of 15735 M-'cm™!.
The second and third bands present in the 298K spectrum shift to lower energies and to
significantly lower extinctions, evidence of a temperature-dependent change in the
Huang-Rhys factors contributing to these bands. The fourth band present in the 298K
spectrum differs only marginally in extinction from its 77K counterpart, but at the colder
temperature shift lower in energy by 228 cm’! to 22866 cm™!. Interestingly, the extinction
at 77K begins to increase again from 23500 cm’!, indicating possible partial overlap at
77K between the Sio and Szo absorption bands.

High signal-to-noise Stark spectra were recorded at y = 55° and 90° (Figure 4.2).
To avoid contamination of the fitted Si0 charge redistribution parameters with a
contribution from the Sy transition beginning at the blue edge of the recorded Stark and
77K absorption spectra, the fit of the Stark spectra was truncated to between 16000 ¢cm™!
and 22000 cm!. The number of Gaussians used to fit the 77K extinction spectrum was
increased from four to nine, at which point the residuals of the fit of the sum of the
Gaussians to the 77K extinction were minimized and random. The presence of a single
electronic transition in this region agrees with prior theoretical analysis,”’ as well as our
own. The best fit to the Stark spectra yielded a difference permanent dipole moment,
|Afiyo], of 0.00 D, a trace difference polarizability, TrA&;,, of 42+ 1 A% and a

component of the difference polarizability along the transition dipole moment, 71, -
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A&y - My, 0f 29 = 1 A3. These values have been corrected for the local field factor,'®":
162 £, which, for PO in toluene, has a value of 1.25.
4.4 Discussion

The negligible difference permanent dipole moment of PO results from the
molecule’s approximate centrosymmetry. PO occupies the Dan point group when the PDI
core of the molecule is planar and the diisopropylphenyl groups are perpendicular to the
PDI core. This conformation is, however, strained relative to a lower energy skew-planar
conformation that is preferentially populated at room temperature.!®> Our DFT
optimization of PO in toluene concurs with previous theoretical studies® °7 in
demonstrating that the diisopropylphenyl substituents of PO are not perpendicular to the
PDI plane, and that the plane itself is slightly warped. In the structure of PO implicitly
solvated in toluene optimized at the B3LYP/6-31+G(d)/PCM level of theory, the plane of
one diisopropylphenyl substituent is 0.062° off-orthogonal to the PDI plane, and the
plane of the second one diisopropylphenyl substituent is 0.670° off-orthogonal to the PDI
plane, in the opposite direction. The dihedral angle between the two pairs of oxygen
atoms of each imide moiety was calculated to be 3.619°. Together, rotation of the
diisopropylphenyl substituents and skewing of the PDI plane shift PO to the C; point
group and reduce strain by 9.0 cm™!, which is (0.17)ksT at 77K, leading to a nearly 1:1
distribution between the two states at this temperature. Because both the D2y planar and
C1 skew-planar conformational isomers are characterized by theoretical permanent dipole
moments of less than 0.00 D in both the ground and first singlet excited states,

interconversion between the two states does not alter the measured |Afi;o| of the
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ensemble. Figure 4.3 shows the change in electron density (o-; — pscr) upon vertical
excitation of skew-planar PO from the ground to first singlet excited state, with green
representing regions gaining electron density and purple representing regions becoming
more electropositive. The redistribution of electron density is confined to the PDI core of
PO, demonstrating that the diisopropylphenyl groups do not contribute to the excitation,
and is radially symmetric about the center of mass. Beginning with a loss of electron
density from the center of the perylene ring system, regions extending from the center of
mass to the imide carbonyls alternatingly gain and lose electron density, ending with the
carbonyl, which predominantly gains electron density. If the PDI core of PO were to
adopt an umbrella conformation, with the four imide carbonyl oxygens extending out of
the central plane in the same direction, then PO could possess a non-zero difference
permanent dipole moment. However, because two carbonyl oxygens are skewed above
the plane and two are skewed below the plane, the out of plane components of the change
in electron density cancel. Figure 4.3 also shows the theoretical transition dipole moment
of the PO S transition, which is directed along the long axis of the molecule.

The fitted value of the trace of the difference polarizability tensor for the Sio
transition of PO in toluene, when corrected for local field enhancement, gives TrAa,, =
42 + 1 A3, with the component of the total polarizability parallel to the Sio transition
dipole moment equal to 29 + 1 A3. This difference polarizability is significantly larger
than the value of 10 A3 reported by Ara and Ahmed for perylene mixed aggregates in a
PMMA thin film,% and also larger than the trace of the difference polarizability of the

flavin Sio transition, 23 A3.8% The computed transition dipole moment of PO implicitly
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solvated in toluene is along the long axis of the PDI ring system, meaning that the
component of the difference polarizability along the long axis of the PDI ring system is
29 + 1 A3, As the trace of the difference polarizability tensor is equal to the sum of the
main-diagonal components of the difference polarizability tensor, the component of the
difference polarizability orthogonal to the long axis of the molecule is approximately 42
A3-29 A3=13 A3, assuming that the off-diagonal components of the difference
polarizability tensor are small. Reviewing Figure 4.3, it appears that the redistribution of
electron density following excitation is mostly symmetric about the PDI plane, indicating
that the greater component of the 13 A3 of difference polarizability orthogonal to the long
axis of the molecule is likely along the short axis of the PDI plane. The theoretically
computed TTA&, is 26.7673 A3, with component of the difference polarizability along

the long axis of the molecular, parallel to the transition dipole moment, is A&y, =

13.973 A3, Ac?loyy= 12.7666 A3, and Ad;,,, = 0.0277 A%. This theoretical value for the

TrA&,, is 36% lower than the measured value of 42 A3, and indicates a more equitable
change in polarizability along the long and short axes of the PO molecule, but confirms
the interpretation that the majority of change of polarizability of PO upon excitation is
parallel to the PDI plane, and that the change in polarizability perpendicular to the plane
is negligible.

Relative shifts in trace polarizability are difficult to conceptualize intuitively. A
more useful metric for interpreting the magnitude of the difference polarizability is the
role played by the difference polarizability is shifting the vertical excitation energy of PO

as a function of the applied electric field. A polarizability volume of 1 A3=1.113 x 104
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C m? V-1.1% An electric field of 1 MVem! (10% Vm!), which is on the order of internal
electric field found within Organic Light Emitting Diodes’? and Organic Field Effect
Transistors,” therefore can induce a difference dipole moment of up to -1.113 x 102 Cm
(-3.337 x 102 D) per cubic Angstrom of difference polarizability. PO has a maximum
uniaxial difference polarizability of 29 A3, so that an electric field of 1 MVem'! directed
along the long axis of the molecule would a induce a dipole moment of -3.228 x 10-3°

Cm, or -0.9677 D. A dipole moment of 1 D is equal to a band gap Stark tuning rate of
16.79 #, meaning that the change in polarizability of PO upon excitation coupled
cm

with an applied electric field of 1 MVem'! along the molecular long axis tunes the band
gap by -16.25 cm™!, which is less than 0.01% of the transition Sio transition energy of
19011 cm!. In this manner, the structural symmetry and limited conformational
flexibility of PDI render the monomer’s electro-optical band gap nearly independent of
tuning by electric fields on the order of those found within molecular electronic devices.
Symmetry-breaking derivatization of perylene diimide may, however, allow a tunable

parameter for the improvement of PDI-dependent molecular electronic devices.
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Figure 4.1. 298K and 77K extinction spectra of Perylene Orange, with fit to 77K
spectrum. The 77K spectrum is an average of three replicates. Error bars for the 77K
extinction signifying + 1 standard deviation are smaller than the diameter of the blue

circles representing the 77K extinction, and are not included.
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Figure 4.2. Experimental and fitted Stark spectra. Experimental spectra are an
average of three replicates. Error bars for both experimental spectra signifying + 1
standard deviation are smaller than the diameter of the circles representing the data

points, and are not included.

54



Figure 4.3. Perylene Orange Sy electronic transition difference density map. Two
views of the change in electron density upon excitation of Perylene Orange, rendered at
an isovalue of 0.0025 e”/au’. In this figure, green corresponds to a gain in electron
density, whereas purple signifies a more electropositive region. In the upper pane, the
vector 1, is the computed transition dipole moment.
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Table 4.1. First ten excited states of Perylene Orange implicitly solvated in toluene.

calculated at the B3LYP/6-31+G(d)/PCM level of theory using Gaussian 16 W. For the

components of the transition dipole moments (TDMs), the origin is located at the center

of mass, and the x- and y-axes are in the plane of the perylene core, with the x-axis
assing through the two nitrogen atoms.

Excitation | Energy | Wavelength | Oscillator | TDM X | TDMY | TDM Z
Number (eV) (nm) Strength (au) (au) (au)
1 2.3029 538.38 1.0144 4.2402 0.0000 0.0000
2 2.5980 477.23 0.0000 0.0002 0.0000 0.0000
3 2.6025 476.41 0.0055 0.2945 0.0000 0.0000
4 2.7896 444.45 0.0000 0.0000 -0.0121 -0.0002
5 2.7917 444.11 0.0000 0.0000 -0.0004 0.0079
6 3.2482 381.70 0.0001 0.0001 0.0335 0.0008
7 3.2493 381.57 0.0000 0.0000 -0.0032 0.0083
8 3.3526 369.81 0.0000 0.0000 -0.0160 0.0000
9 3.4911 355.14 0.0000 0.0001 0.0050 0.0003
10 3.5351 350.72 0.0000 0.0000 0.0000 0.0000
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CHAPTER 5

FLAVIN CHARGE REDISTRIBUTION UPON OPTICAL EXCITATION IS
INDEPENDENT OF SOLVENT POLARITY

5.1 Overview

Flavin absorption spectra encode molecular details of the flavin’s local
environment through coupling of local electric fields with the chromophore’s charge
redistribution upon optical excitation. Translating experimentally-measured field-tuned
transition energies to local electric field magnitudes and directions across a wide range of
field magnitudes requires that the charge redistribution be independent of the local field.
We have measured the charge redistribution upon optical excitation of the derivatized
flavin TPARF in the non-hydrogen bonding, non-polar solvent toluene, with and without
a tridentate hydrogen-bonding ligand, DBAP, using electronic Stark spectroscopy. These
measurements were interpreted using TD-DFT finite field and difference density
calculations. In comparing our present results to previous Stark spectroscopic analyses of
flavin in more polar solvents, we conclude that flavin charge redistribution upon optical
excitation is independent of solvent polarity, indicating that dependence of flavin
transition energies on local field magnitude is linear with local field magnitude.
5.2 Sample Preparation and Computational Methods

Tetraphenylacetyl riboflavin (TPARF) and dibenzylamidopyridine (DBAP) were
synthesized and purified as previously described!*. Toluene was of spectroscopic grade,
purchased from Sigma-Aldrich, and freshly dried over 3 A molecular sieves (Fisher
Scientific) before use. Room temperature UV/vis spectra were recorded using an HP8453
Diode Array Spectrophotometer and a 1.0 cm path-length quartz cuvette (Spectrocell).
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The extinction coefficient of TPARF in toluene at 298K was determined by dissolving
130 mg of TPARF in 10.00 mL of anhydrous toluene followed by serial dilutions of the
initially prepared solution and obtaining the absorption spectrum of each diluted solution.
Plotting the absorbance at the maximum of the Sy transitions (~450 nm) as a function of
TPARF concentration, gives the Sio extinction coefficient from the slope of the best fit
line. The extinction coefficient of TPARF in toluene quantitatively ligated to DBAP was
determined by adding DBAP in a 2:1 mole ratio to a solution of known TPARF
concentration, and measuring the absorption spectrum of the resulting solution.
Lumiflavin (7,8,10-trimethylisoalloxazine, Lf) was used as a minimal flavin to
represent TPARF under the assumption that the TPARF’s tetraphenylacetylribose
substituent couples weakly with the core flavin heterocycle’s electronic transitions. The
structure of DBAP was also simplified for computational tractability by substituting
methyl groups for the phenyl substituents, yielding diformamidopyridine (DFAP). The
nuclear geometries of lumiflavin and the lumiflavin:diformamidopyridine complex
implicitly solvated!*® in toluene were optimized, respectively, at the B3LYP/6-
311+G(2d,p)/PCM and ©B97/6-311+G(2d,p)/PCM level of theory using Gaussian16 Rev
C.01.!% The B3LYP functional was used to study local excitations of lumiflavin
implicitly solvated in toluene because this functional has previously been shown to yield
theoretical flavin electro-optical charge redistribution parameters agreeing closely with
experiment. The ®B97 functional was used to model charge-transfer excitations
delocalized over the lumiflavin:diformamidopyridine complex because this functional has

been shown to offer a good compromise between accurately computing transition
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energies and difference dipole moments for delocalized charge transfer excitations in 7t-
stacked nucleobases.!” A frequency calculation at the same level of theory was used to
verify the geometry optimization, and an excited states calculation was performed to
compute the ten lowest energy excited states of each system. The SCF and CI densities
were computed for the ground and two lowest-energy experimentally-observed excited
states, respectively, and the difference density was visualized using GaussView 6.1.!4!
The finite field method'*° was used to determine the theoretical difference dipole moment
and angle between the transition dipole moment and difference dipole moment for the
experimentally-observed Sio and Sy transitions of each system.
5.3 Results

Room-temperature absorption spectra of TPARF and TPARF:DBAP in anhydrous
toluene are given in Figure 5.1, and the low-temperature absorption spectra are given in
Figure 5.2. A TPARF concentration of 2.42 mM was used for the low-temperature
absorption spectrum of TPARF in toluene, and a TPARF concentration of 3.60 mM was
used for the Stark spectra of TPARF in toluene. A TPARF concentration of 3.30 mM,
and a DBAP concentration of 6.60 mM, was used for the low-temperature absorption
spectrum of TPARF:DBAP in toluene. For the TPARF:DBAP Stark spectra, the
concentration of TPARF was 3.34 mM, and the concentration of DBAP was 6.68 mM.

The solubility of TPARF in benzene is reported to be greater than 250 mM!'34,
However, to verify that the no aggregation occurs of TPARF in toluene occurs at, and
immediately exceeding, the concentrations used in this study, absorption spectra of

TPARF in toluene were recorded for a number of solutions of TPARF in toluene ranging
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from 8.00 uM to 4.00 mM (data not shown). No change to the lineshape at the red-edge
of the absorption spectrum was observed over this concentration range, indicating either
that no aggregation occurs or that aggregation does not perturb the electronic transition.
A comparison of the transition energies and extinctions of the first two near-UV
transitions of TPARF and TPARF:DBAP in toluene at 298 K and 77 K is summarized in
Table 5.1. The 298 K spectrum of TPARF in toluene shows two broad peaks centered at
22470 cm! and 29150 cm™!, with peak extinction coefficient of 10400 M-'cm™! and 6330
M-'em! at these respective energies. The lower energy band, corresponding to the Sio
electronic transition, exhibits poorly resolved vibronic structure at 21230 cm! and 23580
cm!. Cerda et al. report that the maximum extinction for TPARF in benzene at 298 K
occurs at 22470 cm!, with an extinction of 12600 M-'cm™!,!34 indicating that the toluene
solvent, which is less likely to promote stable n-stacking between solute and solvent than
the benzene solvent due to the presence of the sterically-hindering methyl substituent,
reduces the extinction of the TPARF solute Sio by 17.5% without significantly altering
the transition energy. At 77 K, attenuation of inhomogeneous broadening at low-
temperature causes both the S1o and Sz bands to become narrower, with increased peak
amplitude and more highly-resolved vibronic structure. The S10 band maximum shifts in
energy by -220 cm! to 22250 cm’!, and the peak extinction increases by 51% to 15700
M-'em!, with increased vibronic structure. The S>o band maximum shifts in energy by

-1960 cm’!, and the peak extinction increases by 9% to 6900 M-'cm!, with a vibronic

shoulder emerging at 28390 cm'!.
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The 298 K absorption spectrum of TPARF:DBAP in toluene is similar in
lineshape to that of TPARF without the tridentate hydrogen-bonding ligand with two
notable exceptions. First, the Sio peak extinction slightly red-shifts by -50 cm™ from
22470 cm! to 22420 cm™!, with a 42.3% increase in extinction coefficient from 10400 M-
lem ! to 14800 M-'em!. Second, the S» peak extinction red-shifts by -160 cm™ from
29150 cm! to 28990 cm’!, with a 41.2% increase in peak extinction from 6330 M-'cm™!
to 8940 M-'cm'!. Cerda et al. observed a -100 cm™! red-shift in the TPARF S transition
energy upon adding DBAP in benzene, which is more negative than the -50 cm™! shift
that we observe in toluene, indicating that the binding energy between TPARF and
DBAP in toluene is less negative than in benzene, with a consequently higher
dissociation constant. Furthermore, the 42.3% increase in peak extinction from 10400 M~
lem! to 14800 M-'em™! that we observe for TPARF vs. TPARF:DBAP in toluene is
larger than the 15.1% increase in extinction from 12600 M-'cm™! to 14500 M-'cm™! that
Cerda et al. for TPARF vs. TPARF:DBAP in benzene. Cerda et al. do not report the Szo
transition energy or extinction for either TPARF or TPARF:DBAP in benzene,
preventing comparison to our data in toluene.

Upon cooling to 77 K, the TPARF:DBAP absorption spectrum (Figure 5.2)
becomes more unique. Most notably, the oscillator strength of the Sio transition
redistributes among the coupled vibronic components such that the low-energy vibronic
shoulder rises in extinction to 21910 M-lcm™!, nearly equal to that of the Sio transition’s
central band at 21190 M-'ecm™!. Ligation of DBAP to TPARF inductively perturbs

electron density in the hydrogen-bonded flavin pyrimidine ring, likely shifting the
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overlap between coupled vibrational modes in the electronic ground and first excited
state, increasing the Huang-Rhys parameters of one or more low frequency coupled
vibrational modes and augmenting extinction at the red edge of the S0 band. Similar
dependence of vibronic coupling on intermolecular hydrogen bonds has been observed
for a heptazine derivative hydrogen-bound to a variety of substituted phenols.!% In our
previous Stark spectroscopy study of flavoenzyme charge transfer, examining the role of
a stacked p-chlorophenol ligand in tuning the charge distribution upon optical excitation
of oxidized FMN in Old Yellow enzyme,'® interaction of the flavin with a charge transfer
ligand also redistributed oscillator strength of the Sio transition band, increasing the
extinction of the red-edge vibronic shoulder to that of the central band of the Sio
transition. The hydrogen bonds between DBAP and TPARF increase in strength at low
temperature, evidenced by the -410 cm™! red shift upon cooling from 298 K to 77K. On
the basis of our ground state frequency calculation of lumiflavin hydrogen bound to
diformamidopyridine, implicitly solvated in toluene, five normal modes include
oscillation of the three intermolecular hydrogen bonds. The theoretical frequencies of
these normal modes range from 180 cm™! to 210 cm™!. These hydrogen bond energies are
approximately equal to kT at 298K (207 cm!), and are approximately four times kT at
77K (53.5 cm™!). At the lower temperature of 77K, therefore, the average intermolecular
potential energy of the hydrogen-bound complex is more negative than at 298K because,
via the Boltzmann distribution, a greater proportion of the hydrogen bonds will be in the
ground vibrational state. The stronger hydrogen bonding, in turn, stabilizes the flavin first

excited singlet state to a greater extent. The Syo band of the TPARF:DBAP system red-
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shifts upon cooling by -2160 cm™! from 28990 cm! to 26830 cm!, with extinction
increasing from 8940 M-'cm! to 11500 M-'em!.

High signal-to-noise Stark spectra were obtained for both systems at two angles of
incident light polarization to the applied field, y=54° and y=90°. Stark spectra were
measured by Raymond F. Pauszek III. Representative Stark spectra normalized to an
applied field of 1 MV/cm are shown in Figure 5.3. Stark spectroscopy enables
deconvolution of overlapping electronic transitions on the basis of the transitions,
electrodichroism, the dependence of the amplitude of the Stark signal on y. The
electrodichroisms of the two systems are similar, in that for both TPARF and
TPARF:DBAP in toluene the Sio Stark spectrum is independent of y, indicating that the
angle between Ap and 4 is close to the magic angle, while the Sy transition of both
systems is y-dependent, as evidenced by divergence of the Stark spectra measured at the
two different y values employed. The difference in line shape for the Sio transition Stark
spectrum of TPARF versus TPARF:DBAP around 21000 cm! results from the difference
in relative extinctions of the red-edge of the Sio bands as observed in the 77K absorption
spectra of the two chromophore systems.

Experimental electro-optical charge redistribution parameters for TPARF in
toluene and TPARF:DBAP in toluene are summarized in Table 5.2. Theoretical values
for |A[1 fi| and {4 of Lf and Lf:DFAP implicitly solvated in toluene are given in Table 5.3.
Figure 5.4 presents the theoretical ground state dipole moment and theoretical Sio and Szo
transition dipole moments for Lf and Lf:DFAP implicitly solvated in toluene, as well as

the experimental Sio and Sy difference dipole moments positioned in the molecular
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frame relative to the respective theoretical transition dipole moments via the experimental
{4 value. Figure 5.5 presents the difference density maps (Ap = p,, — po) for the Sipand
Soo transitions of Lf and Lf:DFAP at different isovalues. For both TPARF and
TPARF:DBAP in toluene, the Sy transition is characterized by greater charge
redistribution than the Sio transition, which is generally consistent with our previous
studies of flavin Stark spectroscopy. The difference permanent dipole moment for the Sio
transition of free TPARF in toluene, 1.7 + 0.015 D, increases by 153% to 2.6 £0.23 D
upon binding to the DBAP ligand, with {4, 52° + 21° for TPARF and 51° + 9.7° for
TPARF:DBAP, remaining constant within experimental error. The finite field
calculations for Lf and Lf:DFAP implicitly solvated in toluene, however, predict that the
difference permanent dipole moment of Lf falls by 13% from 1.9665 D to 1.7116 D upon
DFAP ligation, with {4, 66.27° for Lf and 64.77° for Lf:DFAP, changing little. Similarly,
the experimental difference dipole moment of the Sz transition increases by 142% from
6.7 £0.018 D for free TPARF in toluene to 9.5 + 1.0 D for TPARF:DBAP, with {4, 34° +
0.14° for TPARF and 29° + 12° for TPARF:DBAP, remaining constant within
experimental error. Finite field calculations concur with experimental results for the Szo
difference dipole moment, in that the theoretical difference dipole moment increases by
263% from 5.7746 D for Lfto 7.2945 D for Lf:DFAP, with £, 11.31° for Lfand 17.11°
for LE:DFAP, showing little variation upon complex formation.

The increase in the difference dipole moment for both transitions upon formation
of the TRAPF:DBAP complex suggests the possibility of introduction of a novel charge

transfer component to the excitations resulting from delocalization of the electronic
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excited states through the co-planar adjacent aromatic pi-electron systems of the
isoalloxazine and pyrimidine heterocycles, mediated by the intervening hydrogen bonds.
Interestingly, one would expect that introducing charge transfer character to the
electronic excitations would induce the {4 angle formed between the transition and
difference permanent dipole moments for the transitions to shift towards zero. !
However, the experimental values of {4 for both the Sioand So remain unchanged
following complex formation, within estimated experimental error, even with the increase
in the difference permanent dipole moment induced by DBAP binding. The large change
in difference dipole moment and lack of change in {4 indicates that the charge transfer
component of the Sio and Sz electronic excitations induced by binding of TPARF to
DBAP is small relative to the redistribution of electron density localized to the flavin
heterocycle, and {4 for these transitions is determined by the dominant local
redistribution of electron density upon excitation. This conclusion is consistent with the
theoretical calculations. In Figure 5.4, the center of mass of the two systems is offset
relative to one another due to the addition of the DFAP ligand, but the transition dipole
moments are similarly positioned relative to the flavin molecular framework. The Sio
transition dipole moments of Lf and Lf:DFAP are nearly parallel, while the Sy transition
dipole moment of Lf:DFAP is 18° further below the long axis of the flavin ring system
than that of Lf.

The difference densities presented in Figure 5.5 show that at an isovalue of
0.0025 e7/A3 the Sio transition for both Lf and Lf:DFAP is concentrated along the

diazarene bridge connecting the pyrazine and pyrimidine rings of the flavin heterocycle,
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while the Sz transition is characterized by more delocalized charge redistribution from
the xylene to pyrimidine rings of the flavin heterocycle. The DFAP ligand does not
contribute to either transition at this isovalue. Only upon reducing the isovalue 10-fold to
0.00025 e/A3 does the involvement of the DFAP ligand become apparent, validating the
previous conclusion that first two singlet transitions of TPARF:DBAP include a minor
contribution from intermolecular charge transfer, augmenting the difference dipole
moments of the transitions without significantly changing the position of the difference
dipole moment relative to the flavin molecular framework.

The isotropic trace of the difference polarizability for the Sio transition of free
TPAREF in toluene increases by 683% from 12 A3+3.1 A3 to 81.9 A3+ 7.6 A3upon
binding to DBAP, and the trace difference polarizability of the Sy transition of TPARF
in toluene increases by 242% from 156 A3+ 4.9 A3to 378 A® + 34 A> following complex
formation. The increase in the trace polarizability upon binding of TPARF to DBAP
further substantiates the conclusion that the Sio and Sz transitions acquire charge transfer
character with ligation, expanding the volumes occupied by the delocalized excited states
relative to the more localized ground state. Unlike as is observed for the difference dipole
moment of TPARF, the difference polarizability does indicate a change in the direction of
charge redistribution within the molecular frame following DBAP ligation for both the
S10and Syo transitions, with the anisotropic component of the difference polarizability
projected along the transition dipole moment increasing by 1318% for the Sio transition
from 2.2 A3 + 1.0 A3 for free TPARF to 29.0 A3 + 15 A3 for TPARF:DBAP, and

increasing by 183% for the S transition from 117 A3+ 10 A3 to 214 A3 £ 88 A3
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Returning to the theoretical transition dipole moments plotted in Figure 5.4, it is apparent
that the Sio transition dipole moment, and to a lesser extent the Sz transition dipole
moment, is oriented directly away from the symmetry axis of the DFAP ligand. The
increase in polarizability imparted to the excited states of the ligated complex upon
charge transfer though the co-planar n-electron systems is parallel to the symmetry axis
of the tridentate ligand, meaning that the increased polarizability should also
predominantly be along the transition dipole moments of the two excitations, as is
observed.

The TD-DFT calculations correctly predict that the oscillator strength of the Lf
S10 transition significantly increases by 223% upon ligation to DFAP, to 0.6274 from
0.2818. This increase compares favorably with the 123% increase in integrated energy-
weighted extinction for the Sy transition at 77K of TPARF upon DBAP binding, from
2380.29 M-lem! to 3425.73 M-lem'!. A potentially useful consequence of the increase in
charge redistribution and increase in Sio oscillator strength for TPARF upon DBAP
binding is the possibility of using a charge transfer ligand such as DBAP that hydrogen
bonds to the flavin pyrimidine ring to tag flavin cofactors in vivo via second harmonic
generation. Such hydrogen-bond enhanced second harmonic generation has previously
been observed in non-polar chiral coordination polymers,'®” and could be used to follow
flavin localization, transport, and metabolism in living cells. The probability of
resonance-enhanced second harmonic generation by an oriented ensemble of
chromophores, such as flavin cofactors transiting cellular or sub-cellular, i.e.

145, 146

mitochondrial, membranes, is proportional to the product of the squared difference
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dipole moment and the squared integrated energy-weighted extinction of a given
electronic transition in resonance with the excitation source.!#’-1>2 The S transition of
flavin is in resonance with common Ti:sapphire oscillators, and has previously be used to
measure resonance-enhanced second harmonic generation by the first optical transition of
molecules of oxidized flavin adenine dinucleotide bound by glucose oxidase at an
air/water interface.!*® The difference dipole moment of the Sio transition of
TPARF:DBAP is 1.53 times that of TPARF, and the integrated energy-weighted
extinction of TPARF:DBAP is 1.23 times that of TPARF, meaning that the probability of
second harmonic generation by the ligated flavin should be 3.54 times that of the free
flavin.
5.4 Discussion

Our primary purpose in measuring charge redistribution upon optical excitation of
TPARF in toluene was to establish a baseline set of flavin electro-optical charge
redistribution parameters minimally perturbed by the local molecular environment with
which to interpret the specific role of more perturbing environments in tuning flavin’s
ground and excited state electronic structures. However, a global, quantitative
comparison of measured electro-optical charge redistribution parameters for flavins in
different environments is complicated by the difficulty in accurately computing the local
field correction factor, f,, that is specific to each molecular environment. A first-order
approximation of the local field correction factor is possible for chromophores dissolved
in isotropically-distributed simple solvents by assuming the solvent to be a continuous

dielectric solvating the chromophore in an elliptical shell, with no specific interactions,
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i.e., hydrogen bonds, punctuating the structure of the shell. This approximation is most
valid for solvents such as toluene. For comparison of the electro-optical charge
redistribution parameters of flavin in toluene reported in this contribution to previously
published charge redistribution parameters in other environments characterized by
hydrogen-bonding, for example N(3)-methyl-N(10)-isobutyl-flavin (N3Fl) in ethanol,
butanol, and 2-methyltetrahydrofuran (2-MTHF)), it is possible to eliminate uncertainty in
determination of the local field correction factor by taking ratios of charge redistribution
parameters for the flavin S and Sy transitions. As the local field correction factor is
constant for a given environment, the contribution of the local field correction factor to
each transition will cancel upon division. Figure 5.6 presents plots comparing transition
energies and ratios electro-optical charge redistribution parameters for the Sio and Szo
transitions of all flavin-solvent systems studied. Ratios of charge redistribution
parameters for the solvents utilized are plotted in terms of solvent polarity indicators,
(ET), derived from the solvatochromic behavior of betaine dyes. '8

We begin our comparison of flavin charge redistribution upon optical excitation
in different solvents with a discussion of the flavin Sio and Sy transition energies in these
solvents. The transition energies reported here are the energies at the maximum
extinction for each band, and therefore include both the pure electronic transition energy
and additional energy exciting one or more coupled vibrational modes. A single set of
charge redistribution parameters adequately fits the Stark signal from each electronic
transition for all flavin-solvent systems studied, so it is reasonable to assume that at the

spectral resolution employed the interaction of coupled vibrations with the applied field
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contributes minimally to the field-tunability of the flavin Sio and Sz transitions, and,
therefore, that consideration of energies at the maximum extinction of each band is
sufficient to understand the net role of the local environment in tuning the energetics of
the electronic transition corresponding to the band.

Two general assumptions underlie the Onsager reaction field approach!®® to
solvatochromism. The first of these assumptions is that the more polar the solvent, the
larger the magnitude of the solvent reaction field induced by the ground state permanent
dipole moment of the chromophore. The second of these assumptions is that electronic
transitions with an angle between the ground state permanent dipole moment and
difference dipole moment less than 90° are more red-shifted with increasing solvent
polarity. Both the S1o and S0 electronic transitions of flavin are characterized by angles
between the ground state permanent dipole moment and difference dipole moment that
are less than 90°. Based on the solvent polarity indicators given in Figure 5.6b, therefore,
it should be expected that the order of the transition energies for both transitions from the
highest energy to the lowest energy should be TPARF in toluene, to N3FI in 2-MTHF, to
N3FI in butanol, to N3F1 in ethanol. TPARF:DBAP does not fit cleanly into this analysis
because of the strong hydrogen bonds forming the complex and stabilizing the flavin
electronic excitations. The observed trend in transition energies shown in Figure 5.6a is
very different than what is expected simply on the basis of solvent polarity.

The most red-shifted electronic transitions are those of TPARF:DBAP in toluene.
These electronic transitions are stabilized by strong hydrogen bonds ligating the TPARF

and DBAP molecules, as well as the tip-to-tail orientation of the molecules’ ground state
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permanent dipole moments. The second most red-shifted electronic transition energies
are those of TPARF in toluene. Toluene is a low-dielectric material with a small dipole
moment, and solely on the basis of polarity should minimally stabilize flavin’s electronic
transitions. However, toluene is capable of forming highly stabilizing m — m stacking
interactions with flavin, rationalizing the red-shift imparted to TPARF’s Si0 and Sz
electronic transitions.

Koziol et al. have utilized density functional and perturbation electronic structure
methods in conjunction with Monte Carlo simulated annealing and the Effective
Fragment Potential method to determine the structure and binding energy of
lumiflavin:benzene dimers.!”® They conclude that the most stable dimer orientation
places the benzene above the diazarene bridge connecting the pyrazine and pyrimidine
rings of the flavin heterocycle, imparting a stabilization energy of -13.29 kcal/mol, which
is equivalent to -4648 cm™!. Recalling the difference densities in Figure 5.5, both the Sio
and Syo transitions involve significant charge redistribution through the flavin diazarene
bridge moiety, establishing that these transitions are likely sensitive to stabilizing
interactions with the m — m stacking toluene solvent. As our purpose in completing Stark
spectroscopy of TPARF in toluene was to measure flavin’s native electro-optical charge
redistribution parameters in a minimally-perturbing environment, this evidence of
significant stabilization of flavin’s electronic transitions through interaction with solvent
suggests that a better choice of solvent would have been n-methylpentane, which also
forms a transparent glass at 77 K and is both non-polar and incapable of m — m stacking

interactions. The next most stabilizing solvents were butanol and ethanol. Butanol is less

71



polar than ethanol, yet further red-shifts the transition energies than does ethanol. Finally,
the highest-energy, most blue-shifted flavin electronic transitions are those of N3F1 in 2-
MTHEF, a non-polar, non-aromatic solvent incapable of m — m stacking interactions.

Electronic transition energies are tuned by the local solvent environment via
solvent electric field with a given transition’s characteristic charge redistribution
parameters. To better understand how specific fields yield specific shifts in transition
energyi, it is necessary to examine how the charge redistribution parameters themselves
depend on the local electric field. As shown in Figure 5.6b, the charge redistribution
parameters for flavin in a variety of solvent environments and polarities are, within
experimental error, independent on the polarity or chemical interactivity of the solvents
utilized. Because the Sao and Sio transitions are localized to different regions of the flavin
heterocycle, if the charge redistribution parameters varied with the applied solvent
reaction field, the S»0/S1o ratio of the charge redistribution parameters would be expected
to diverge at larger solvent polarities, as the Sxo transition is characterized by greater
charge redistribution than the Sio transition, and the Sz difference dipole moment makes
a smaller angle with the solvent reaction field templated by the flavin ground state
permanent dipole moment.

The heterogeneous dielectric environment of flavoenzyme cofactor binding
pockets also precludes approximation of the local field correction factors for these
environments. The group has previously published on the Stark spectroscopy of oxidized
FMN bound to S. pastorianus Old Yellow Enzyme (SpOYE) with and without a p-

chlorophenol ligand,'” as well as oxidized and semiquinone FAD bound to E. coli
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photolyase (EcPL).!3? Table 5.4 summarizes the results of the oxidized flavoenzyme
Stark spectroscopy studies.

The structure of the cofactor binding pockets of SpOYE and EcPL differ
considerably. In SpOYE (PDB 10YC),!! the flavin cofactor forms hydrogen bonds to
the protein matrix at both carbonyls, with C20 hydrogen-bound to a positively charged
arginine residue. N5 also forms a hydrogen bond with the hydrogen of a backbone amide
nitrogen. In addition to the two hydrogen bonds to the flavin pyrimidine ring carbony]s,
the pyrimidine ring is bounded by a histidine residue and a glutamine residue. A number
of aromatic residues surround the substrate binding site adjacent to the flavin cofactor,
but they are not in van der Waals contact with the flavin, attenuating the possibility of
m — 1 stacking interactions. However, the charge transfer ligand p-chlorophenol does
form m — 1 stacking interactions with the flavin cofactor once it binds within the pocket
formed by the aromatic residues. The EcPL (PDB 1DNP)!”? cofactor binding pocket is
unique among flavoenzymes in that the FAD cofactor adenine heterocycle is stacked on
the flavin heterocycle. Also, N1 of the flavin forms an intramolecular hydrogen bond
with a proximal ribose hydroxyl group, C20 forms two hydrogen bonds with conserved
water molecules, N3H forms a hydrogen bond with a backbone amide carbonyl, C40
forms a hydrogen bond with a backbone amide nitrogen, and N5 forms a hydrogen bond
with an asparagine residue. Finally, photolyases exhibit a conserved arginine-aspartic
acid salt bridge parallel to the flavin heterocycle plane and within 4 A, with the dipole

moment of the salt bridge directed nearly 180° to the flavin dipole moment.
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Despite these significant structural differences, as can be seen in Table 5.4, the
magnitudes of the Sio and Sz difference dipole moments are all within their respective
experimental errors, as are the values of {4 for ECPL and SpOYE in the absence of the
CT ligand, indicating that these parameters are weakly dependent on flavoenzyme active
site cofactor binding pocket electric fields. The change in polarizability, however, is
strongly dependent on the local environment. As was observed for the ligation of DBAP
to TPAREF in toluene, m — m stacking interactions formed upon introduction of the p-
chlorophenol ligand to SpOYE significantly increases the change in polarizability
following optical excitation as the excited states delocalize through the coupled aromatic
n-electron system.

To conclude, we have measured the charge redistribution upon optical excitation
of the derivatized flavin TPARF in the non-hydrogen bonding, non-polar solvent toluene,
with and without a tridentate hydrogen-bonding ligand, DBAP, using electronic Stark
spectroscopy. These measurements were interpreted using TD-DFT finite field and
difference density calculations. Our key finding is confirmation of earlier conclusions
that flavin charge redistribution upon optical excitation is independent of perturbation by
local electric fields, resulting from either interaction with the solvent, as is the case in the
systems studied in this contribution, or with residues of flavoenzyme active site cofactor
binding pockets, as was observed in previous studies. Independence of flavin electro-
optical charge redistribution on the local environment causes flavin S0 and Sz visible
transition energies to vary linearly with the component of the local environment electric

field projected along the relevant difference dipole moment. As the Sio and Sy difference
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dipole moments are both in the plane of the flavin heterocycle and make an angle of ~40°
with one another, they offer complementary axes for estimating the magnitude and
direction of local environment electric fields tuning flavin photophysics and reactivity

directly from the perspective of the tuned flavin cofactor.
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Figure 5.1. 298K absorption spectra of TPARF and TPARF:DBAP in toluene. The
concentration of TPARF was 101 uM, and the concentration of TPARF:DBAP was 101
uM : 204 pM. The absorption spectrum of TPARF:DBAP was truncated at 31250 cm™!

(320 nm) to eliminate contribution of the DBAP absorption.
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Figure 5.2. 77 K absorption spectra of TPARF and TPARF:DBAP. Transition-
specific fits are in blue (S10) and pink (S20), and the total fit in black. For TPARF in
toluene, the concentration of TPARF was 2.42 mM. For TPARF:DBAP in toluene, the
concentration of TPARF was 3.30 mM and the concentration of DBAP was 6.60 mM.
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Figure 5.3. Stark spectra of TPARF and TPARF:DBAP in toluene, with fits. Spectra
are normalized to an applied field of 1 MV/cm. TPAREF in toluene, the concentration of
TPARF was 3.60 mM. For TPARF:DBAP in toluene, the concentration of TPARF was
3.34 mM and the concentration of DBAP was 6.68 mM.
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Figure 5.4. Vector diagrams of lumiflavin and lumiflavin:DFAP. Theoretical
transition dipole moments (dotted arrows) with experimentally determined difference
dipole moments (solid red and blue arrows) for (a) lumiflavin and (b) the
lumiflavin:DFAP complex. All vectors are to scale except for the ground-state permanent
dipole moments, which are at 1/3-scale.
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Figure 5.5. Difference density maps of lumiflavin and
lumiflavin:diaformamidopyridine. Lumiflavin Sio (A) and S»o (B) transitions at an
isovalue of 0.0025 e/A3, and of lumiflavin:diaformamidopyridine Sio (C, E) and Sz (D,
F) transitions at isovalues of 0.0025 /A3 (C, D) and 0.00025 e /A3 (E, F). Green
corresponds to regions gaining electron density following the electronic transition, and
purple corresponds to regions becoming more electropositive following the electronic
transition.
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Figure 5.6 Flavin solvatochromism and electrochromism. a) Comparison of Sio and
S»o transition energies for flavin in a variety of solvents. b) Ratio (S20/S10) of electro-
optical charge redistribution parameters for flavin in a variety of solvents, plotted against
solvent polarity indicator. Uncertainties are estimated via the Monte Carlo analysis
discussed in the Methods section.
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Table 5.1. Comparison of absorption spectra of TPARF and TPARF:DBAP.
Precision in energy is limited to four significant figures by monochromator wavelength
accuracy. Precision in extinction is limited to three significant figures by masses of
TPARF and DBAP used. U4y is in units of cm™!. £,,45 is in units of M-'em!.

TPARF TPARF:DBAP
Peak 298 K 77 K 298 K 77 K
Vmax Emax Vmax Emax VMax Emax Vmax Emax

S | 22470 10400 | 22250 | 15700 | 22420 | 14800 22010 | 14756

S20 | 29150 6330 27190 | 6900 |28990 | 8940 26830 | 11500

Table 5.2. Fit charge redistribution parameters for TPARF and TPARF:DBAP in
toluene. Parameters have been corrected for the local field correction factor for the
solvent, toluene.

System Transition |A[Zfi| (D) Ca (©) TrAc_?)fi (A3 m: ﬁg{)l m
Sio 1.7+£0.015 | 52+21 12+3.1 22+1.0
TPARE S0 6740018 | 247 | 15649 | 11710
i Sio 26+023 | 51+£9.7 | 81.9+7.6 29.0+ 15
TPARF:DBAP S20 95+1.0 29+ 12 378 £34 214 + 88

Table 5.3. Theoretical |Aﬁﬁ| and {4 for Lf and LF:DFAP implicitly solvated in

toluene.
. Energy (cm) | Oscillator S o
System Transition Strength |Au Fi | (D) {4 (©)
Lf S1o 23440 0.2818 1.9665 66.27
S20 29290 0.2444 5.7746 11.31
S1o 28150 0.6274 1.7116 64.77
LEDFAP S 35892 0.1718 7.2945 17.11
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Table 5.4. Comparison of flavoenzyme experimental charge redistribution
parameters. Parameters are for oxidized E. coli photolyase and oxidized S. pastorianus
old yellow enzyme, with and without the p-chlorophenol ligand. The component of the

difference polarizability along the transition dipole moment for FAD in photolyase was

not reported.
m .
. . | |Afis| - f TrAdGy; - | Ady; -
Flavin | Environment | Transition max fi ° l fi
@ | @ |40 &5y | m g
(A3)
55+
) Sio 22540 | 2.7+0.3 134 £ 13 NR
E. coli 3
FAD Photolyase 35+
Y S20 26160 [ 73405 | *07 | 57426 | NR
S. pastorianus 57+
Old Yellow Sio 21290 | 2.94+£0.3 1 51+£5 | 23+£2
Enzyme 40 + 161 +
(No Ligand) S0 25860 | 7.1+0.7 4 198 +£40 3
0+ 210+
+ +
FMN S. pastorianus CT 15330 12+1 10 376 £ 75 42
Old Yellow S | 22500 | 28406 | ¥ | 68210 | 2644
Enzyme 8
(With Ligand) | ¢ © | 26480 | 82+ 1.6 13; 376 + 75 2319;
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Table 5.5. Molecular geometry of lumiflavin optimized in implicit toluene solvent.
Optimization completed at the B3LYP/6-311+G(2d,p)/PCM level of theory using
Gaussianl6. A frequency calculation was conducted to verify that the optimized

geometry is a minimum on the nuclear geometry potential energy surface. Coordinates

are in angstroms.

Atom X Y V4
C 0.00000000 0.00000000 0.00000000
N 0.00000000 0.00000000 1.47120200
C 1.20607100 0.00000000 2.15749900
C 1.17911900 -0.00001500 3.57871300
C 2.39654500 -0.00001800 4.29513500
C 3.62299500 0.00000200 3.65451200
C 3.64365200 0.00002800 2.22644900
C 2.45138600 0.00002600 1.50505200
H 2.50132300 0.00004900 0.42290800
C 4.95679400 0.00006200 1.48513700
H 5.55909600 0.88042300 1.74324100
H 5.55910300 -0.88031500 1.74317300
H 4.80392900 0.00010400 0.40220400
C 4.90633300 0.00000100 4.44940700
H 4.69920100 -0.00003600 5.52335900
H 5.52038800 -0.88160500 4.22549400
H 5.52035400 0.88164500 4.22555000
H 2.33029800 -0.00003200 5.37937400
N 0.00503100 -0.00002000 427418100
C -1.11213400 -0.00001100 3.60521800
C -1.20192500 0.00001400 2.14874900
N -2.32329600 0.00006400 1.46349700
C -3.52493200 0.00006900 2.12944800
N -3.50770200 0.00008300 3.54298000
C -2.40093500 -0.00005600 4.36455300
O -2.48535300 0.00012600 5.58497900
H -4.41675200 0.00019500 3.99687500
O -4.61086500 0.00027600 1.55875000
H 0.51066600 0.89457600 -0.36724200
H -1.03290700 -0.00008000 -0.33695000
H 0.51080900 -0.89449700 -0.36723300
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Table 5.6. Molecular geometry of lumiflavin: diformamidopyridine optimized in
implicit toluene solvent. Optimization completed at the ®B97/6-311+G(2d,p)/PCM level
of theory using Gaussianl6. A frequency calculation was conducted to verify that the
optimized geometry is a minimum on the nuclear geometry potential energy surface.

Atom X Y V4
C 0.00000000 0.00000000 0.00000000
C 0.00000000 0.00000000 1.50469800
C 1.23599100 0.00000000 2.20936400
C 1.20824900 0.00000100 3.58262000
C -0.00677100 0.00000000 4.29522800
C -1.22334300 -0.00000400 3.59567400
C -1.19951200 -0.00000300 2.19145000
H -2.12502200 0.00000100 1.62627800
N -2.41203100 -0.00000800 4.31534400
C -2.40426200 0.00000500 5.67520500
C -1.08525400 0.00000900 6.30512000
N 0.03102600 0.00000600 5.66614800
C -1.05532500 0.00002300 7.80108000
O -0.02453500 0.00003300 8.45198900
N -2.28940500 0.00002100 8.37782400
C -3.51620600 0.00000500 7.69841700
N -3.53814700 0.00000600 6.33145500
O -4.53970000 0.00001500 8.37010500
H -2.33239800 0.00003300 9.40679300
C -3.68749500 -0.00002600 3.59356100
H -3.75215200 0.89394400 2.96933600
H -4.49200000 -0.00005800 4.32337200
H -3.75210600 -0.89397500 2.96930300
H 2.12603300 0.00000300 4.16541100
C 2.54181700 0.00000200 1.45880800
H 2.62778600 0.88142800 0.81463700
H 2.62776400 -0.88139400 0.81459300
H 3.38717600 -0.00002600 2.15010600
H 0.52310700 -0.88024300 -0.38822400
H 0.52319700 0.88018600 -0.38822700
H -1.01675900 0.00005000 -0.39815200
H -6.62155100 0.00006000 10.69875500
C -5.97849100 0.00005300 11.59625700
N -4.66027100 0.00005600 11.24828300
H -4.48290000 0.00004700 10.24124500
C -3.54139400 0.00007200 12.08992200
C -3.63558900 0.00009100 13.48155400
C -2.44729200 0.00010900 14.19533500
C -1.22131700 0.00011000 13.54736500
C -1.24064500 0.00009000 12.15341500
N -2.37191100 0.00007200 11.43775200
N -0.07590600 0.00008800 11.37392600
H -0.19840200 0.00007200 10.36108600
C 1.22214100 0.00010900 11.79199900
H 1.91256200 0.00017400 10.93031500
O 1.62110800 0.00019700 12.94065100
H -0.28076000 0.00012400 14.07960300
H -2.47702700 0.00012400 15.28195100
H -4.60389400 0.00009100 13.96161100
O -6.43911100 0.00008000 12.72206900
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Table 5.7. First ten excited states of lumiflavin implicitly solvated in toluene. Excited
states calculated at the B3LYP/6-311+G(2d,p)/PCM level of theory using Gaussianl6.
The difference dipole moment, |Afi|, and angle between the difference dipole moment
and transition dipole moment, {,, were calculated using the finite field method.

Excited Energy Wavelength Oscillator |Afi| (D) {4 (°)
State (eV) (nm) Strength

1 2.9061 426.63 0.2818 1.966555 66.27009
2 3.2938 376.41 0.0007 6.109657 90.053
3 3.3913 365.60 0.0002 4.904213 90.00008
4 3.6315 34141 0.2444 5.774623 11.3117
5 4.0394 306.93 0.0000 9.426153 100.9051
6 4.1233 300.69 0.0162 9.270433 79.08728
7 4.5574 272.05 0.0768 2.891788 143.6852
8 4.6389 267.27 0.0004 2.647406 90.08261
9 4.7221 262.56 0.8174 0.754002 152.2495
10 5.0457 245.72 0.0444 2.546601 149.1726

Table 5.8. First ten excited states of lumiflavin:diformamidopyridine implicitly
solvated in toluene. Excited states calculated at the ®B97/6-311+G(2d,p)/PCM level of
theory using Gaussian16. The difference dipole moment, |Afi|, and angle between the
difference dipole moment and transition dipole moment, {,, were calculated using the
finite field method.

Excited Energy Wavelength Oscillator |Agi| (D) {4 (°)
State (eV) (nm) Strength
1 3.4901 355.24 0.6274 1.711627 64.27531
2 3.9245 315.92 0.0016 1.199841 91.78455
3 4.45 278.61 0.1718 7.294485 17.11340
4 4.7373 261.72 0.0001 1.073617 89.50158
5 4.7468 261.19 0.3099 6.162212 83.31039
6 5.1192 242.19 0.5782 0.636132 45.77052
7 5.4028 229.48 0.0001 3.162654 90.1693
8 5.4158 228.93 0.0015 3.080663 101.7433
9 5.4196 228.77 0.0475 6.102283 112.4951
10 5.4265 228.48 0.0003 19.96101 42.06359
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Table 5.9. Transition energies, AE( vs. AE,, of flavin in different solvents. All
transition energies taken from 77 K absorption spectra.

AE;q (cm™) AEyy (cm™)
22250 27190
22010 26830
22697 28290
22359 27230
22496 27550

Table 5.10. Solvent dependence of flavin charge redistribution parameters (S20/S10).
All transition energies taken from 77 K absorption spectra.

Solvent Relative Estimated Relative Estimated Relative Estimated
Polarity Difference | Uncertainty | Difference Uncertainty Component Uncertainty
Dipole in Relative | Trace in Relative of the in the
Moment Difference Polarizability | Difference Difference Component
Magnitude | Dipole Trace Polarizability | of the
Moment Polarizability | Along the Difference
Magnitude Transition Polarizability
Dipole Along the
Moment Transition
Dipole
Moment
0.099 4 0.035 12.6 3.2 53.2 8.46
0.099 3.6 0.5 4.6 0.6 7.39 4.91
0.65 3.2 0.3 5.64 1.08 8.43 5.28
0.6 29 0.3 8.76 1.13 15.1 5.52
0.18 3.1 0.3 7.36 2.28 5.72 4.12
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CHAPTER 6
NEXT STEPS AND FUTURE DIRECTIONS
6.1 Introduction
A major goal of this work is to utilize flavin optical transition energies to measure
the magnitude and direction of flavoenzyme active site electric fields directly from the
perspective of the reactive flavin cofactor. Different flavin oxidation and protonation
states interact with flavoenzyme active site residues uniquely through a given

173. 174 meaning that to best understand the role of

flavoenzyme’s catalytic cycle,
flavoenzyme active site electric fields in tuning flavin reactivity it is necessary to utilize
optical excitations of all catalytically relevant flavin oxidation and protonation states to
measure all relevant tuning electric fields. To begin this analysis, however, we will only
consider electrostatic tuning of oxidized flavin optical transitions. Most flavin electron-
transfer catalysis mechanisms utilize oxidized flavin as an essential intermediate,'”> and,
barring significant conformational changes to the flavoenzyme active site as a function of
flavin oxidation state, the local field reported by the oxidized flavin should be the
operative active site electric field through the flavoenzyme catalytic cycle. This chapter
establishes a method for using optical transition energies of oxidized flavin to determine
the magnitude and direction of the flavoenzyme active site electric fields, and

quantitatively compares field-tuning of flavin cofactors of E. coli Photolyase and S.

pastorianus Old Yellow Enzyme.
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6.2 Determining local field magnitude and direction as a function of flavin charge
redistribution upon optical excitation and flavin optical transition energies

Charge redistribution upon optical excitation of oxidized flavin is approximately
independent of the flavin’s local electrostatic environment, meaning that the dependence
of oxidized flavin’s Sip and Sy transition energies on the local electric field is given by

AE,q = —Afly - F , where AE,,, is the field-dependent change in excitation energy, Afi,o

is the change in permanent dipole moment upon excitation, and F is the local electric
field. In 1975, Eaton et al. measured the polarized absorption spectra of single crystals of
flavodoxin,!”® and found that both the Sioand Sz transition dipole moments of oxidized
flavin are in the plane of the isoalloxazine ring system and are approximately parallel to
the long axis of the heterocycle. The Sy transition dipole moment 11, deviates 15 + 4°
from the long axis of the flavin, directed from N3 to C8, and that the Sz transition dipole
moment 11, deviates 5 + 4° from the long axis of the flavin, from C2 to C7. Figure 6.1
presents experimentally-determined transition and difference permanent dipole moment
unit vectors with respect to the flavin molecular framework. In this work, we have
measured the angle between 11, and Afi;o to be 52 + 219, and the angle between 115,
and Ajfi,, to be 34 + 0.14°, with TD-DFT calculations indicating that for both of these
transitions electron density shifts from the xylene ring to the pyrimidine ring of the flavin
heterocycle. Combining these two sets of experimentally-determined angles, we can
position Ajl;, at approximately 15° + 52° = 67° above the long axis of the flavin directed
towards the xylene ring, and Aji,, at approximately 34° + (-5°) = 29° above the long axis

of the flavin, also directed towards the xylene ring.
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The in-plane component of the local field F interacting with the oxidized flavin

S10 and Sz transitions can be written as a sum of projections on any two orthogonal unit
vectors @ and b. For simplicity, if we define the unit vector d@ as being parallel to the Sio

difference dipole moment Afi;, then the magnitude of the component I?'a will be given by

2| _ —AEqo
|Fal

= Mol with its direction along Afi;,. The magnitude of the orthogonal component
10

of the local field, ﬁb, can then be determined in terms of the projection of the local field

on Afi,q, such that |I:")b| = l_AAﬁEZ(; cos(90° — £ Aji;oAf,0), where the angle between the
20

difference dipole moments is 38°. Determining the angle between the local field and Sio
difference permanent dipole moment, and knowing that the angle between Afi;, and the
component of the long axis of the molecule extending from the center of mass towards
the pyrimidine ring is 113° we can determine the orientation of the local field vector
within the flavin molecular frame. Figure 6.2 presents the reference frame for
components of the local field determined via this approach.

6.3 Comparison of flavoenzyme active site electric fields of E. coli photolyase and S.
pastorianus old yellow enzyme

The group has previously published high resolution, low temperature absorption
spectra of two oxidized flavoenzymes, E. coli photolyase!” (EcPL) and S. pastorianus old
yellow enzyme (SpOYE). Taking the magnitudes of the oxidized flavin Sio and S2o
difference dipole moments as determined in this work to be |Afi;o] = 1.7 D and |Afiyo| =
6.7 D, and referencing the transition energies of these flavoenzymes to transition energies
of oxidized flavin solvated in 2-methyltetrahydrofuran (2-MTHF),!* the most aliphatic

and least perturbing solvent for which low temperature absorption spectra have been
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measured, it is possible to evaluate the respective flavoenzyme active site electric fields
as described in section 6.2 above. Table 6.1 presents transition energies for flavin in the
three relevant environments, as well as the difference in the transition energies for each
flavoenzyme relative to flavin in 2-MTHF. Table 6.2 presents the in-plane components of
each flavoenzyme’s active site electric field parallel and orthogonal to the flavin Sio
difference permanent dipole moment, as well as the angle made by the local field vector
with the long axis of the molecule. Finally, Figure 6.3 presents the flavoenzyme active
site electric fields within the flavin molecular frame, and Figure 6.4 presents crystal
structures of the PL and OYE active sites showing the molecular origins of the
determined fields.!”!- 172

Both the Sio and Sy transitions of both photolyase and old yellow enzyme are
redshifted relative to flavin in 2-MTHF, with the Sio transition energy of OYE
approximately 10x more redshifted than that PL. Both transitions involve redistribution
of electron density from the xylene to pyrimidine rings, therefore redshifted transition
energies indicate stabilization of electron density on the imide moiety via hydrogen
bonding, primarily to the C20 and C40 carbonyl oxygens. The C4 carbonyl of flavin in
OYE forms hydrogen bonds to two backbone amide hydrogens, as well as one hydrogen
bond to a threonine hydroxyl group, whereas the C4 carbonyl of flavin in PL forms only
a single hydrogen bond to a backbone amide hydrogen. The C20 carbonyl of flavin in
OYE forms a hydrogen bond to a protonated arginine residue, while the C20 of flavin in
PL forms hydrogen bonds to two structural water molecules. Furthermore, N5 of the

flavin in OYE forms a hydrogen bond to a backbone amide, and the imide moiety of the
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flavin cofactor in OYE is bounded by amine groups of asparagine and glutamine
residues, as well as a proximal histidine residue. The stronger hydrogen bonding to the
arginine group, as well as the placement of additional electropositive residues near to
regions of the flavin gaining electron density upon optical excitation from the So to S;
states causes the component of the flavoenzyme electric field parallel to the Sio
difference dipole moment to be greater for OYE than PL, and therefore the S transition
energy to be more redshifted for OYE than PL. Also of note is the difference in angle
between the OYE and PL electric fields. The PL active site includes a coplanar arginine
residue near to the flavin N5 and C4a atoms, as well as an asparagine residue that may
hydrogen bond to N5.!177 These residues act to rotate the orientation of the PL active site
electric field towards N5 relative to OYE, as is evident in Figure 6.3.

This preliminary analysis demonstrates the application of Stark spectroscopy to
measure flavoenzyme active site electric field magnitudes and directions from the
perspective of the flavin cofactor, improving our understanding of electrostatic tuning of
flavin reactivity. Work is ongoing to extend this analysis to a wider repertoire of
flavoenzymes, and to connect specific field magnitudes and directions to changes in

flavoenzyme reduction potential.
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Figure 6.1. Experimental transition and difference permanent dipole moments in
flavin molecular frame. All vectors are normalized in magnitude. The purple axis
indicates the long axis of the molecule. Transition dipole moments taken from Eaton et
al.'’% Difference permanent dipole moments taken from this work.
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Figure 6.2. Reference frame for determination of local field orthogonal components.
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Table 6.1. Flavoenzyme S10 and Sz transition energies relative to flavin in 2-MTHF.
Relative transition energies are determined by subtracting the 2-MTHF transition energy
from the flavoenzyme transition energy.

o Eem™) | Ba(em™) | AEg(em™) | ABy(em™)
2-MTHF 22669 29607

EcPL 22522 27449 -147 -2158
SpOYE 21259 26625 -1410 -2982

Table 6.2. Flavoenzyme active site electric field components relative to Agi;, and
angle relative to flavin long axis.

Flavoenzyme ﬁ" (MV/em) ﬁJ_ (MV/em) Angle relative. to
flavin long axis
EcPL 5.155 11.81 179.4
SpOYE 49.40 16.31 131.2
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180°

> 0°

Figure 6.3. Orientation of flavoenzyme electric field unit vectors in the molecular
frame.

Figure 6.4. Crystal structures of PL (L) and OYE (R) active sites. Images rendered
using UCSF Chimera, version 1.14.!78 Hydrogen bonds given by green lines.
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CHAPTER 7
CONCLUDING REMARKS
In conclusion, in this dissertation I have presented applications of
electroabsorption spectroscopy to enzymology and molecular electronics. First, I have
utilized electroabsorption spectroscopy to estimate the second-harmonic generation cross-
section of lumichrome, a photodegradation product of flavin cofactors which may have
application to stand-off detection of bacterial quorum sensing, determining that the
second-harmonic generation cross-section of lumichrome is similar to that of flavin.
Second, I determined that the electro-optical band gap of perylene diimide is unlikely to
be tuned by electric fields within molecular electronic devices due to the centrosymmetry
of the chromophore. Finally, I demonstrated that the charge redistribution upon optical
excitation of flavin is independent of solvent polarity, indicating that the excitation
energies of oxidized flavin may serve as consistent probes of flavoenzyme active site
electric fields. I further demonstrated utility of these transitions as such probes for
comparing the active site electric fields of the flavoenzymes E. coli photolyase and S.

pastorianus old yellow enzyme.
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