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ABSTRACT

n-Cyanoindole (n=2-7) fluorescent probes were developed for studying the structure
and dynamics of proteins. It has been observed that cyano substitution at the 4-position of
the bicyclic ring of indole dramatically increases the relative fluorescence intensity, life-
time, and quantum yield, while functionalizing other positions quenches the fluorescence
in aqueous solution. We studied the positional substituent effect on the absorption and
fluorescence properties using high-level quantum mechanical methods. In addition, we
modeled the important solvation effects found in the interaction between the parent probe,
indole, and water solvents using explicit solvation models and molecular dynamics sim-
ulations. We have unraveled the important non-radiative decay pathways that govern the
fluorescence quenching of the probes in aqueous solution using water cluster models. It
was found that upon excited state relaxation, water solvent stabilizes the La(im 5 excited
state below the Ly(TitH'state when substitution takes place on the 6 membered ring caus-
ing (4-7)-cyanoindole to fluoresce from the bright L, state and 2- and 3-cyanoindole to
fluoresce from the dim L, state. 4-cyanoindole was found to exhibit optimal fluorescence
properties because it absorbs to and emits from the S; excited state and has a high energy
barrier in the S; state potential energy surface along the N-H bond stretch which minimizes
access to all non-radiative decay pathways. We also found that explicitly modeling the mu-
tual polarization effects is essential to reproducing the features of the absorption spectrum
of indole and the state inversion during fluorescence in aqueous solution. Furthermore, we

found that the formation of a cyclic excimer structure results in different photochemical



reaction paths such as excited state hydrogen transfer, excited state proton transfer and ex-
cited state proton coupled electron transfer processes, which if accessed, have the potential
to rapidly quench the fluorescence intensity. However, the presence of a high energy barrier
traps the 2-, 6-, and 7-cyanoindole-(H,0);—, clusters at the S; state minimum, and thus the
fluorescence is quenched due to vibrational relaxation and internal conversion from the S,

state at absorption to the S; equilibrium geometry at emission.
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CHAPTER 1

INTRODUCTION



1.1 Overview

Fluorescence has been utilized in various technologies such as spectroscopy and
microscopy to study phenomena in disciplines of biology, physical chemistry, and
medicine.[1-28] More speci cally it has been used in surgeries for the visualization of
the marginalization between tumor cells and healthy cells in cancer patients,[12, 21, 29]
studying DNA damage and sequencing by tagging or functionalizing nucleic acids,[13-17]
identifying structure, hydration status and monitoring dynamics of disease-related proteins
using amino acids,[7-11, 18-20, 24, 25, 30] and detecting and quantifying harmful free
radicals and ions using radiotracers in chemical and biological systems.[21-23]

This visualization and detection technique takes place by incorporating a molecule with
optimal uorescence properties upon interaction with the targeted system or environment
of interest. In this chapter, we will focus onconjugated small molecules that can un-
dergo uorescence in solution or biological environments, also known as uorophores.[3,
4, 6, 24-28] There are two classes of uorophores, intrinsic and extrinsic. Intrinsic uo-
rophores are molecules that uoresce in their natural state. An example of this is aromatic
amino acids such as tryptophan, tyrosine, and phenylalanine, which are commonly found as
residues in protein structures. Extrinsic uorophores on the other hand, are synthesized or
modi ed chemical structures that are added to a system that does not uoresce, uoresces
weakly, or its optical signal cannot be detected by a particular instrument. Examples of this
include non-natural amino acids such as derivatives or analogues of tryptophan, tyrosine,
and phenylalanine, which are functionalized with substituent groups to result in the desired

uorescence response and properties.[3, 4, 6, 24-28, 31-34]

The choice of uorophore depends on the target system that one is interested in studying

and the sensitivity of the technology being used. So, the question is how does one choose

a molecule that will exhibit optimal uorescence properties in the system of interest? To



answer this, we must rst understand what uorescence is, what are uorescence properties
of a uorophore are and what factors affect them. We can use a simpli ed Jablonski dia-
gram (Figure 1.1) to explain the fundamental concept of uorescence. A Jablonski diagram
depicts the process by which an atom or molecule absorbs and emits light as it transitions
between electronic states. Singlet electronic states are dengteth8re n = 0 is the
ground state, n=1 is the rst electronically excited state, and an increase in n is an increase
in energy level. Triplet electronic excited states are denotedHere we only depict the
lowest energy or rst triplet excited statey,Tfor simplicity.[3]

Before radiative emission can occur, a stable molecule in the singlet electronic ground
state, § must rst absorb a photon and become excited to a singlet electronically excited
state, §, by promoting an electron from the occupied to unoccupied molecular orbital.
This vertical excitation phenomenon a process known as absorption which occurs almost
instantaneously taking place in less than a femtosecond. Figure 1.1 shows the molecule
in the zero-point vibrational energy level of the singlet electronic ground stateeiSg
excited to the fth vibrational energy level of the second singlet electronic excited state
S,. After excitation, the excited molecule collides with surrounding molecules causing
the uorophore to relaxes vibrationally to the zero-point vibrational energy level of the S
excited state, and energy dissipates quickly to the environment. The molecule can further
relax from the $to the rst singlet electronically excited state,,Sia a process known as
internal conversion which occurs approximately on the picosecond timescale or less.[3]

Following Kasha's rule, emission occurs from the lowest excited state to produce sub-
stantial quantum yield. There are two radiative decay pathways that a molecule can take
to relax back to the ground state, uorescence or phosphorescence. Fluorescence is the
process by which spin-allowed radiative transition from&S, occurs and the molecule
spontaneously emits light at a longer wavelength than that involved in absorption. In-

stead of uorescing, the molecule can undergo intersystem crossing, transitioning from a



Figure 1.1. This simpli ed Jablonski diagram illustrates the absorption and radiative emission
pathways of a molecular uorophore composed of N-electrons. The thin dark blue vertical lines at
different energy levels depict vibrational energy levels where the thick black vertical line is the zero-
point vibrational energy level of an electronic state. Singlet states are denoted Sn, wieetkeS
ground singlet excited state where the electronic con guration has all electrons paired with opposite
anti-parallel spins following the Pauli principle, and the rst electronic excited stateaS an
electron from the highest occupied molecular orbital (HOMO) promoted to the lowest unoccupied
molecular orbital (LUMO) of the uorophore. The triplet state is denotged Where n=1 is the

rst or lowest electronic excited triplet state where the electron in the excited LUMO has the same
spin parallel to that in the HOMO. Between vibrational energy levels are rotational energy levels,
but they are not depicted in this diagram. Vertical arrows in red, green and purple represent the
vertical absorption and radiative decay (i.e uorescence and phosphorescence) whereas wavy arrows
represent non-radiative processes (i.e. vibrational relaxation, internal conversion, and intersystem
crossing).



singlet to a triplet excited state. In this process, the spin of an excited electronic con g-
uration changes from being anti-parallel relative to the electron in the HOMO to being
parallel, and the multiplicity of the electronic con guration becomes a triplet. Radiative
decay takes place from the rst electronically excited triplet state td the ground state,

So, a spin-forbidden transition known as phosphorescence. Phosphorescence usually hap-
pens at longer wavelengths (lower energy) than uorescence. In addition, because it is
also a spin-forbidden transition, the lifetime of emission is several orders of magnitude
longer than that of uorescence. The uorescence lifetime is the average time the molecule
remains in the excited state minimum prior to emission. The uorescence lifetime is mea-
sured as the inverse of the rate of emission plus the rate of all non-radiative decay processes
involved.[3]

Experimental measurements of absorption and uorescence are typically represented by
an absorption and uorescence spectra which plots the intensity of the transition as a func-
tion of the wavelength at which the light is absorbed or emitted as shown in Figure 1.2. In
an absorption spectrum, the highest peak at a particular wavelength corresponds to the most
probable electronic transition, also termed maximum absorption wavelergifh)( The
intensity of the transition is known as the molar extinction coef ciepthich measures is
the strength of the molecular absorption at a given wavelength. Similarly, the signal for the
light emitted is re ected as a peak at a particular wavelength in a uorescence spectrum,
also known as the maximum emission wavelengftl(). The intensity of the light emitted
is known as the uorescence intensity. The difference between the maximum absorption
and emission wavelength is known as the Stokes's shift. An increase in the Stokes's shift
implies that a greater amount of energy is lost following absorption and which can indicate
that non-radiative processes or environmental factors is affecting the equilibrium geome-
tries at the ground or excited state causing a redshift in the emission or blueshift in the

absorption maximum wavelength. Likewise, increases, decreases, or quenching of the u-



Figure 1.2. Example of an overlaid absorption and uorescence spectra of indole measured in
aqueous solution at room temperature. The data was extracted from ref. [7]
orescence intensity also suggests the involvement of other processes.[3, 14, 26, 35-41]
Two processes that have already been mentioned are vibrational relaxation and internal
conversion. Other non-radiative decay processes include complex formation,[3, 39, 42-55]
energy transfer,[3, 40, 56-58] and the presence of conical intersections.[3, 13, 35, 59-66]
Multiple peaks demonstrate that there are more than one allowed electronic or vibronic
transition involved in the absorption and uorescence process. These multiple peaks which
are less intense relative to thg,, as illustrated in the Jablonski diagram by the many
vertical arrows for the excitation transitiong-SS, and radiative emission transitiong-S
>S or T;->S. The probability of these transitions to take place is based on the Franck-
Condon principle. The Franck-Condon Principle is the approximation that an electronic
vertical transition is most likely to occur without the displacement of the nuclei and the
relative intensity of that transition is determined by the overlap between the vibrational
wavefunctions of the participating electronic states. In addition, the more overlap between
the vibrational wavefunctions, the more intense that transition will be. The molar extinction

coef cient and uorescence intensity depends on the molecular composition and structure



of the uorophore such as the amount etonjugation, geometric rigidity, and the presence
and nature of substituent or functional groups.[26, 67—74] In addition, the uorescence
intensity can be enhanced or quenched by external environmental factors.[3, 24, 35, 75—
79]

These environmental factors include temperature, pH, viscosity, and polarity gradients,
as well as electrostatic interactions.[3, 24, 35, 75-78] Different uorophores are sensi-
tive to different environmental factors. Other uorescence properties that are impacted
by these factors and involvement of non-radiative processes are the uorescence quantum
yield and lifetime.[3, 35, 38] The emission quantum yield is the ratio of the total number
of photons emitted to total number of photons absorbed. Understanding the causes of these
processes and which factors affecting the properties of the uorophore can be used to con-
trol the outcome to provide the optimal uorescent response. One such uorophore that is
well-known for the sensitivity of its uorescence properties to the environment is Trypto-
phan.[8, 32, 34, 40, 57, 80-83] Tryptophan has been found to be sensitive to the solvent
polarity and has been utilized as a probe of protein hydration.[8, 80, 82, 83] Likewise, its
optically active chromophore, indole, shares this same sensitivity and found to be largely
impacted by change in the properties of the local environment.[7, 84—89] Functionalization
of both uorophores using substituents has been used to tune the uorescence properties
in different local environments. As a result many analogues of these biosensors have been
developed.[7-11, 32, 34, 90-96]

n-cyanoindolesi{-CNI) have been developed as non-natural amino acids that have the
potential to serve as optimized uorescent probes.[7—10] Functionalizing the different po-
sitions of indole’s rings 1f) with cyano group has been found to tune its absorption and
uorescence properties in a position and solvent dependent manner.[7] More speci cally,
substitution of a cyano group on position 4 leads to a signi cantly longer uorescence

lifetime and high quantum yield in water solvent.[7, 8] One the other hand, uorescence



intensity becomes quenched when substitution occurs on other positions.[7] The uores-
cence intensity of 5-, 6-, and 7-CNI uorescent probes was found to be very sensitive to
agueous environment making them potential reporters of protein conformation and hydra-
tion.[7, 9-11] It is important to explain what is causing the uorescent properties of these
probes to have a different response to the local environment speci cally aqueous solu-
tion. This can be done by using theory to complement experimental ndings. Molecular
modeling of the photophysics and photochemistry of these probes using theories of quan-
tum mechanics and classical physics are necessary to explain the fundamental physics and
chemistry of substituent and solvation effects that occur on an atomic and electronic level.
Uncovering the radiative and non-radiative pathways of these probes will not only explain
what sets them apart, but also will provide us with information that can be used to tune the
uorescence properties by modulating the molecular structure of the probes. In doing this
we and can therefore develop new compounds that have the optimal uorescence properties

for studying the structure and dynamics of relevant biological systems.

1.2  Chapter Summaries

1.2.1 Chapter 3

In this chapter we address the challenges in modeling the optical spectra of molecules
in solution. We found that using optimized ground and excited state geometries with an
implicit Polarizable Continuum Model (PCM) does not reproduce the uorescence inten-
sity of the n-cyanoindole probes observed in aqueous solution. As a result, we used the
parent probe indole as a case study to benchmark the performance of various implicit
and explicit solvation models and molecular dynamics simulations to identify a method
that can accurately reproduce the spectra features in an environment at low computational

cost. We found that running short 8.3 ps simulation using the high level of theory ab ini-



tio Car—Parrinello MD simulation is not long enough to produce uncorrelated dynamical
con gurations. A longer simulation at this level of theory would be computationally ex-
haustive taking many months or years to do. We identify a polarizable AMOEBA force
eld and classical molecular dynamics as an affordable theoretical method for capturing
indole—water con gurations that can reproduce the absorption spectra of indole in solution
with some level of accuracy and shorter computational time. In addition, we interrogated
the contribution of individual solvation effects such as electrostatic, mutual polarization,
and hydrogen bonding interactions between solute and solvent molecules and the dynam-
ical nature of the solute and solvent have on reproducing the features of the absorption
and uorescence spectra (wavelength maxima, intensities, spectra lineshape, etc.). Model-
ing the mutual polarization effects between the solute and solvent molecules in the ground
state was found necessary to reproduce the different features of the absorption spectrum in
solution, and special effects such as hydrogen bonding do not play a dominant role. We
also show that the lack of polarization effects in the non-polarizable counterparts in com-
parison to the PCM renders them incapable of predicting the unique energy level inversion
between the j.and L, excited states that indole exhibits at emission upon solvation. Al-
though using the non-polarizable force eld with molecular dynamics did not accurately
reproduce the uorescence spectrum, it portrayed a simple and inexpensive way to over-
come many of the challenges that calculating excited state relaxation in explicit solvent
would generally present. This study provides insight into the important factors involved
in modeling solvated molecules and identi es an affordable and accurate explicit solvation
model that can be used to reproduce the absorption and emission properties of probes in

aqueous solution.[97]



1.2.2 Chapter 4

In this chapter, we explain why the absorption and uorescence of these probes differ
in aqueous solution by modeling them using theories of quantum mechanics and implicit
solvation model. We found that the stabilization of the two low-lying non-poj#r L)
and polar |y () excited states by the water solvent at emission is responsible for the
diverse uorescence responses of indole and indole derivatives. When cyano is substituted
on the benzene ring, the polar excited state becomes stabilized by the water solvent leading
to level inversion at uorescence in solution, and emission takes place from the bright
La( ) state. All of the positional isomers were found to absorbtaBich is the bright
Lo( ) state except for 4-CNI. 4-CNI was found to uorescence more brightly than other
isomers because it absorbs to and emits from {lstee minimizing access to radiationless
decay pathways. After absorbing to the Sate the 5, 6, and 7-CNI undergo internal
conversion which quenches the uorescence intensity. When cyano substitution occurs on
the pyrrole ring of indole i.e. 2-CNI and 3-CNl, the Istate is not stabilized enough for
inversion to take place and emission takes place from the difn L ) state. Our study
provided an in-depth explanation for the interplay between the polarity of the water solvent
with that energy level of the states and how positional substitution can be used to

control the level of inversion to produce the desired uorescence behavior. [98]

1.2.3 Chapter5

In this chapter, we uncover the non-radiative decay pathways that quench the uores-
cence intensity of 5-, 6-, and 7-CNI in aqueous solution in contrast to other positional
isomers. We do this by modeling the potential energy surface of the ground and excited
states ofn-CNI-(H,0), , clusters quantum mechanically. We identify different photo-
chemical reaction paths (i.e. excited state hydrogen transfer, proton transfer, and proton

coupled electron transfer) that exist when cyclic and non-cyclic structures are formed in
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aqueous solution and the N-H bond of the monomer is stretched. We found that there is an
energy barrier along the potential energy surface of the/l®'s height dictates whether

the probes will access these channels and decay non-radiatively fromtth&Svia inter-

nal conversion. We nd that the height of the energy barrier decreases as we increase the
amount of water solvent molecules present when the cyano group is substituted on position
5 of indole. In contrast, substitution on position 4 and the formation of cyclic clusters was
found to result in large energy barriers that prevents the uorophores from accessing these
non-radiative channels. The distinction in the sensitivity of their uorescence properties to
the local environment then becomes dependent on how the solvation affects the radiative
decay pathway and whether the probes emit from at&te that has Lor L, character.

The complexity and interplay between the radiative and non-radiative decay pathways and
their contribution to the unique uorescence properties of these probes are discussed. Un-
derstanding how both the functionalization of the molecular geometry and solute-solvent
interactions affects the excited states involved in the non-radiative decay pathways are use-
ful in designing probes that can provide information about the structure and hydration status

of proteins.
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CHAPTER 2

THEORETICAL BACKGROUND
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In order to study photophysical processes and photochemical reactions, we must con-
struct the Potential Energy Surface (PES) of the ground and excited states involved. The
PES gives information of equilibrium geometries of reactants and products, energy barri-
ers, transition states, and the reaction pathways that connect them.[63, 99] Every molecular
geometry is associated with an energy. For a molecular system composed of N atoms, a
PES of dimensions 3N-6 degrees of freedom can be generated for a molecule as a function
of changes in its nuclear positions.[63, 99]

The total energy of a molecule at any given point in time is de ned by the Hamiltonian:

H=V+T (2.1)

, Which is partitioned into the potential, V, and kinetic energy, T of a chemical system.
There is a classical and quantum mechanical representation of the Hamiltonian[60—63, 99,
100] which are represented and solved differently and will be introduced and discussed

generally in the subsections.

2.1 Classical Mechanics

Classical Mechanics typically models the behavior of macroscopic particles, i.e. atoms,
and implicitly treats microscopic particles i.e. the electrons, using charges in electrostatic
potentials.[60, 63, 99, 100] The potential energy is generated for a system by solving the

classical Hamiltonian, where the kinetic energy of a molecular structure is given by

2
T:%; (2.2)

, Where p is the momentum and m is the mass of the particle. The potential energy,

V (rN) is given as the sum of analytical potential energy functions that describe various mo-
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tions of the molecule also known as a Force Field (FF), which is often used interchangeably

and referred to as Molecular Mechanics (MM) in Chapter 3.[60, 99, 101]
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The potential energy functions in the overall FF are partitioned into two molecular com-
ponents that describe the bonding and non-bonding interactions of the system. The bonding
potential functions include the bond stretching, angle bending, and torsional motions. In
the bonding potential functions, theterms are force constants; , is the equilibrium
bond distance between atoms i andgjix is the equilibrium angle between atoms i j and
k, and jy isthe equilibrium of the torsion rotation,relative to atoms i j k and I. The non-
bonding interactions represent the electrostatic interactions from van der Waals (commonly
modeled by the 12-6 equation) and Coulombic potential. In the 12-6 Lennard-Jones (LJ)
formalism of the vdW equation,; measures the proximity that two non-bonding particles
can be for the intermolecular potential energy to equal to zero, @istthe permittivity of

free spaceq is the partial charge of particle i. All of these parameters are obtained from

empirical data, quantum mechanical calculations, or a combination of the two.[60, 99, 101]

2.1.1 Molecular Dynamics

The time evolution of the atoms in the molecules when modeled classically, is obtained
using molecular dynamics (MD) simulations.[60-62, 99, 101, 102] Classical MD simula-

tions propagate the nuclei using Newton's Equations of Motion:

d’r (1),

R (2.4)

F=ma(t)=m
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where the force, F, is equal to the product of the mass of a given nucleus, m, and the
acceleratiors. Thea is the second derivative of the nuclear positionwith respect to
time, t. The force is also the negative gradient of the potential en&gyijth respect to
nuclear position and therefore can be rewritten as[60, 101]
av

F= 4 (2.5)

Using a Taylor expansion of the position with respect to time and substituting Equations
2.4 and 2.5, we can predict the change in the position of the systemtaivtiere t is the

time step and the new position of the system t(J+s expressed as:[101]

t2dv(Y)

r(t+ t)y=r()+ tv(t) o dr

(2.6)

The velocity of the atoms/ can be computed from the position. This is the simplest
propagation scheme of the Verlet algorithm. Various algorithms that can predict the new
position and velocity of the atoms in a molecule have been developed (i.e. velocity-Verlet,
leapfrog, etc) to improve on the accuracy and minimize statistical error. More information
on these algorithms can be found in references [60-62, 99, 101, 102]. At every time t,
we predict a new position r of the nuclei, which when pieced together creates a molecular
dynamics simulation or a classical trajectory of the change in position of a molecular ge-
ometry over simulation time. The classical potential energy surface of the system can be
solved for all of the geometries along the molecular dynamic trajectory.[60—62, 99, 101]

It is computationally feasible to solve analytical functions of force elds and sampling
different geometric changes using classical molecular dynamics simulations of tens of thou-
sands of atoms. This becomes important when modeling the interaction between a probe

and an aqueous or biological environment.[60—-62, 99]
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2.2 Quantum Mechanics

In Quantum Mechanics, the molecular system is de ned as a wavefunction and both the
nuclei and electrons of an atom/molecule are treated explicitly. The Potential Energy Sur-
face is generated by solving the non-relativistic Time-independent Schrodinger Equation

(TISE):[60, 61, 63, 99, 100]

Rj( R;r)i = Ej ( R;r)i (2.7)

, Where the wavefunction, is a function of the position of the electrons, r, and the
position of the nuclei, RE is the total energy of the molecular system which is solved for
by operating the quantum Hamiltonial, onto the wavefunction. This energy operator
which can be expressed as

X 2

A= rz+ Y (2.8)

2m;

i
, Where the rst term is the kinetic energy of particles i, whens Planck's constant h
divided by 2 , m is the mass of the particles, a¥Xidis the potential energy operator. The
Laplacian is a second order partial differential operator along the degrees of freedom for
the x, y, and z Cartesian coordinates of the particles:

2= ©@,0,0
| @y @

@k @y @z

Solving the TISE generates the nuclear potential energy surface, which is computation-

(2.9)

ally expensive. Instead we can generate the electronic potential energy surface at a xed
nuclear position, by invoking the Born-Oppenheimer (BO) approximation.[60, 61, 63, 99,
100] The BO approximation states that heavier particles, such as the nuclei, move much

slower than the lighter ones (i.e. electrons) which allows us to separate the nuclear terms
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from the electronic based on this timescale difference, and solve the electronic terms at a
given xed nuclei R. Thus, in the same treatment, BO approximation allows for the sep-
aration of the total energy of the system into an electronic and nuclear components given

by[60, 61, 63, 99, 100]

Iqtotal = |'/|\e'|' |'/|\n (2.10)

H, = 1, + ¥, (2.11)

, WhereT,, andV,, are the kinetic energy of the nuclei and the potential energy corre-
sponding to the relative position of pairs of nuclei, respectively. Since the nuclei are xed,
the nuclei are not moving ang, is equal to zero ank,, is a constant.

The electronic HamiltoniaHi, for a many-electron system is given by

He= To+ Vo + Voo (2.12)

, WhereT, is the kinetic energy of the electrong, is the attraction between the elec-
trons and nuclei, an¥,, is the electron-electron repulsion.[60, 61, 63, 99, 100] We can

re-write Equation 2.12 more explicitly as

2
A ~2 k'e e2 4 %e %n Zl }%e %e 1

.= P2 S L —
2me i 4" o il Jri RIJ 2 i jgijri riJ

5 (2.13)

, Wwherem, is the mass of an electrom,e is the charge of a protorz, is the number
of protons, andg is the permittivity of free space. The separation between the electrons i
and nuclei of atom I is given by R,. The lastternt; r; is the distance between any

pairs of electrons. Here the Laplacian is the second order partial differential operator with
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respect to position of electrons i along the X, y, and z coordinates.[60, 61, 63, 99, 100]

For a one electron system, we can solve the electronic SE exactly because the wave-
function depends only on the position of the one electron and the Coulombic tgrmo&s
not exist.[63, 99, 102] In a many electronsf?) system, there are N(N-1)/2 interacting
pairs of electrons in a given system.[99, 102] The wavefunction then depends on the posi-
tion of all electrons and we need to take into account the interaction and exchange between
these indistinguishable particles described by the Coulombic potential term. This interac-
tion and exchange between electrons is known as electron correlation and exchange.[60,
61, 63, 99, 103-105] As expressed by Coulomb's law, particles with the same charge re-
pulse each other, and thus the electrons maintain a certain distance from each other as they
move in a potential eld to minimize the energy. The positions of the electrons are thus
coupled and the energy associated with the motion of one electron is in uenced by the
presence of the surrounding electrons. This is known in quantum mechanics as the many
body problem.[60, 61, 63, 99, 102-107] This makes it dif cult to solve the SE exactly for
a multi-electron system and approximations are then needed.

As a result, many computational electronic wavefunction-based and density-based
methods have been developed. The simplest and rst method developed is known as
Hartree Fock.[105-108] Other theories with more complex algorithms have built on this
method to give more accurate approximations to the solution of the SE for a many-electron
system. In the next subsections we will give a break down of Hartree Fock theory, sin-
gle and multireference Post Hartree-Fock based methods speci cally Equations of Motions
Coupled Cluster Singles and Doubles (EOM-CCSD) and Complete Active Space Self Con-
sistent Field (CASSCF) theories.[63, 103-115] We will also discuss the different treatment
in approximating the energy using Time-Dependent Density Functional Theory (TDDFT)
and how the different functionals are used to approximate the exchange-correlation energy

of the molecular system.[63, 113, 116-120]
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2.2.1 Electronic Wavefunction-Based Methods
2.2.1.1 Hartree-Fock

In electronic wavefunction-based methods the quantum system is described as a wave-
function which contains all of the information about the properties and behavior of the sys-
tem. In Hartree Fock theory a wavefunction of a systemof N electrons is constructed

from spin orbitals, using a Slater Determinant (SD):[63, 99, 104—108]

8
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The molecular orbitals are linear combination of atomic orbitals which are constructed
from a set of basis functions that usually take the form of gaussian functions. The de-
terminant accounts for the anti-symmetric nature of the wavefunction and the exchange
between electrons, however neglects the electron correlation. Instead this electron-electron
repulsion is treated in Hartree-Fock in an average way as a mean eld approximation. The
variational principle is used to minimize the energy based on the Slater Determinant wave-
function, and that is how the mean eld equations are derived. This is done by using an
initial trial wavefunction to solve for the presence of other electrons as an average eld
potential that a single electron feels. When solving the eigenvalue problem presented by
the SE using this average eld iteratively and a new better wavefunction is produced.[63,
99, 104-108]

We will rede ne the electronic Hamiltonian into the one and two electron opera-

tors[105—-108] that are used in Hii) andv(i;j ), and express them in atomic units for
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simplicity.

Aa=" i)+ V(i) (2.15)
1, X z
h(i) = S 2 Ch

v(ij)= =

ij

This Hartree-Fock electronic Hamiltoniaf; is used to solve the electronic potential
energy of many electrons. This term is also referred to in the literature as the Fock operator
f (i).[105-108] The electronic SE can be solved using the one and two electron operators to
nd the Hartree-Fock energy of the molecular systéimg at every xed nuclear position

R;[105-108]

X o 1X
Ewr = hjhj||+é [hjjiji hoijgii] (2.16)

i i<j
The bra and ket Dirac notation can be written in integral form, where the integral can
be expressed in general as
z
hjhjji = ' (ro) h(ry)" j(ra)dry (2.17)
hj jij i is the Coulombic repulsion between electrons &gji i is the electron ex-
change which are often referred to in literature as J(ij) and K(ij) terms.[105-108] The two
electron integral can be written in general as
z 1
hj jkli = drydry"; (ra) " (ro) r—lz' K (r2) 1 (r2) (2.18)
Ef cient algorithms exist in electronic structure softwares that can solve the Fock equa-

tions self consistently. Post Hartree-Fock methods have been developed to correct for the
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approximation to the electron-electron repulsion term. We will focus on how this is done
in Coupled-Cluster, Complete Active Space Self Consistent Field, and Time-Dependent

Density Functional Theory in the next sections.

2.2.1.2 Single Reference Methods

The coupled-cluster method is one of many single reference methods which approxi-
mates the wavefunction of the ground electronic state from a single reference wavefunction.
The ground state coupled-cluster wavefunctiogcc is constructed by applying an expo-
nential operator to a single slater determinant of the con guration for a closed shell system,

which is usually the Hartree-Fock ground state wavefuncti@r{63, 109, 110, 121, 122]

gcc = € o (2.19)

, T is the cluster operators which can be expanded into singlesjoubles,T, and

triples T3 excitation cluster operators, up to N excitations expressed as follows

T = ﬂ + T\z + ‘fg + :::f,\, (2.20)

As shown in Figure 2.1. For a single excitation, an electron from an occupied orbital i
of the reference electronic ground state con guration is excited to an unoccupied orbital a.
For double excitations, two electrons are excited from occupied orbitals i,j to unoccupied
virtual molecular orbitals a,b. The exponential of the cluster operator can be re-written in

the form of a Taylor series expansion as such:[63, 109, 110, 121, 122]

e =1+ T+ ;f2+ éf3+ o+ (2.21)

Thus the coupled cluster ground state wavefunction is de ned as a linear combination

of con gurations of singles, doubles, etc electronic excitations generated from the single
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Figure 2.1. Generation of the coupled cluster ground state wavefunction from single reference
closed shell single electronic con guration by single and double excitations from occupied molec-
ular orbitals denoted i,j, k,... to virtual/unoccupied molecular orbitals indices a,b,c...
reference Hartree Fock wavefunction. In theory, the electron correlation is recovered and
the solution to the SE is exact when all of the different types of excitations are taken into
account.[63, 109, 110, 121, 122] However this is computationally impossible and as a re-
sult the cluster operators are usually truncated, as is illustrated in Figure 2.1fat wieen
using methods like Coupled Cluster Singles and Doubles (CCSD) which results in some
of the electron correlation to be lost. Inclusion of triple and quadruple excitations in meth-
ods CCSDT and CCSDT(Q), respectively, recover some of the electron correlation.[63,
109, 110, 121, 122] However, these methods are limited to small molecules because the
computational resources scale with size of the system.

For the treatment of excited states, the Equation of Motions Coupled Cluster Singles
and Doubles (EOM-CCSD) is used,[111] where the excited state wavefunctiQn, is
given by
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e,cC = IQJ g;CCi (2-22)

, R is the linear excitation operator which can be expanded to singles, doubles, triples,

etc, excitations

|Q = IQQ"' Q]_'F |Q2+ |Q3+ :::'QN (223)

Like the cluster operator, the excitation operator is also truncated at the doyldes R
citation term in the case of the EOM-CCSD method. The ground and excited state energies
at the coupled cluster level of theory can thus be computed by substituting Equations 2.19
and 2.22 truncated at double excitation and cluster operator into the TISE (Equation 2.7).
Details on how the SE is solved in coupled cluster theory can be found in references [63,

109-111, 121, 122].

2.2.1.3 Multi-reference Methods

Complete Active Space Self-Consistent Field (CASSCF) is one of the multicon gura-
tional self consistent eld (MCSCF) methods that stems from Con gurational Interaction
(Cl) theory.[60, 63, 104, 112] In the Cl method, the wavefunction of a system is generated

from a linear combination of distinct con gurations.

X
(M= ¢ i) (2.24)

i
Single, double, and triple excitations are produced using a linear excitation operator,
C, similar to the excitation operator, R, used in EOMCCSD method.[103, 104, 111] The
different variations of excitations of the electrons from the occupied to the virtual orbitals
account for electron-correlation interaction. Similar to CC, performing full Cl is too com-

putationally expensive and the excitation operator is typically truncated to singles, doubles,
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and triples excitations and accuracy in the approximation of the electron-correlation inter-
actions becomes lost.[63, 109-111, 121, 122]

The CASSCF method improves on the Cl approximation by including the various types
of excitations but limiting the variations to those that contribute most to the chemical re-
actions using an active space composed of N electrons distributed in M orbitals involving
the highest occupied molecular orbitals (HOMO) and virtual lowest unoccupied molecular
orbitals (LUMO).[60, 63, 99, 104] The orbitals that contain core electrons that are close to
the nuclei and typically do not have a great contribution to the excited state transitions or
chemical reaction compared to the valence electrons are frozen, while virtual orbitals that
are very high in energy are closed off as depicted in Figure2.2. In CASSCF calculations
this would be described as CAS(M,N).

Like the CI wavefunction, the ground state wavefunction is a linear combination of
con guration state functions (CSF) or Slater determinants generated from the excitation of
N electrons in M orbitals in the active space starting from a reference closed shell Hartree-
Fock wavefunction.[63, 99, 104, 112] The many combinations of CSF generated serve
as multi-reference wavefunctions from which excitations are produced when computing
excited states. In addition, the coef cientsfor each CSF are optimized to minimize the
energy in a self consistent way. The molecular orbitals are also simultaneously optimized
in CASSCF, and that is different from Cl where only thecoef cients are optimized.[63,

99, 104, 112]

While CASSCF is a more accurate theory that captures the multireference character of
the ground and excited states, it still has some drawbacks. It does not include electron dy-
namical correlation, only static electron correlation interaction.[63, 99, 104, 112] However,
dynamical correlation can be included by adding second order perturbation theory which
results in the CASPT2 method.[112, 114, 115, 123] Accuracy depends on correctly select-

ing the orbitals in the active space and increasing size of the active space. Unlike single
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Figure 2.2. An illustration Exemplifying the generation of multi-con guration state functions by

all possible excitations of the electrons contained in the active space of a closed shell system with
CASSCF(5,4), where the active space contains 5 orbitals and 4 electrons.

reference methods, multireference methods are not a black-box and require more intuition

to selecting the most important orbitals to include in the active space. It is hard to evaluate

the right answer for the unknowns using this method.

2.2.2 Density-Based Methods

Density Functional Theory (DFT) was developed to describe processes and properties
of the molecular system in the electronic ground state. Unlike electronic structure methods
where the system is de ned as a wavefunction, in Density Functional Theory, the system is
represented by its electron density &s), built from Kohn-Sham orbitals, which reduces

the dimensions of the PES to 3N.[63, 99, 116-119]

X . .2
(=7 (2.25)

Based on the Kohn-Sham theorem,[116, 118] the total energy of the systesthen
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de ned as a function of the electron density, :

E[ (D= TL (N]+ Eeel ()]+ Enel (N]+ Exc[ (r)] (2.26)

, Where T() is the kinetic energy of non-interacting electrons agg B is the classical
electron-electron repulsion energy. The €) is the nuclear-electron attractive energy and
E«.( ) is the electron exchange-correlation energy as a function of the electron density

which can be expanded as[116, 118]

1 1%
= 5 r2 (rydr+ =

b
() (g o * 2

R (NAr+ Exl ()]

=1

The exchange and correlation potential energy, Ean be approximated using three
classes of functionals of DFT, the Local Density Approximation (LDA), Generalised Gra-
dient Approximation (GGA), meta-Generalised Gradient Approximation (meta-GGA) and
Hybrid functionals.[63, 116, 118]

The LDA assumes that the exchange and correlation potential energy of a molecule at
every point in space is equivalent to that of a uniform electron gas found at those same

positions.[63, 116, 118]

Ex" [ (D= EPAL (1+ ECPAL ()] (2.27)

Z
= C  “S(rydr+ EPAL ()]

, Where the exchange correlation energy is partitioned into an energy modeling the
exchange energy of the electronic dendity, and the correlation energy.. As shown in

Equation 2.27, the exchange energy has a known analytical expression, and C is a constant.
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The correlation energy on the other hand is obtained by tting the function to accurate
Quantum Monte Carlo calculations of the homogeneous electron gas.[63, 116, 118]

The GGA improves on the LDA approximation of tkg. by adding the gradient of the
density at positiom as a correction term. THe,. potential function approximated using a
GGA functional would in general take the following form:[63, 116, 118]

z
Ex [ (N1= EQM[ (NI+  Fxe[ (r):ir (n)ildr (2.28)

This approximation of the exchange-correlation potential by the GGA functionals is im-
proved with meta-GGA functionals by including the kinetic energy density derived from the
the second derivative of occupied Kohn-Sham orbitals.[63, 99, 124] The meta-GGA func-
tionals are split into two classes. The rst class of meta-GGA functionals are empirical-
based, which t the parameters using large molecular database. An example of empirical-
based meta-GGA functionals are the Minnesota set MXX.[63, 124, 125] The other class
of meta-GGA functionals takes a non-empirical-based approach by deriving the parame-
ters using rst principle and and theoretical constraints. An example of these non-empirical
meta-GGA functionals are developed by Perdew and collaborators i.e. strongly constrained
and appropriately normed (SCAN) functional.[63, 118, 124, 126, 127]

Hybrid DFT functionals include fractions of exact Hartree-Fock exchange-correlation
energy,EHF which is the energy expressed in Equation 2.16 given by the third integral
hj jji i, and the fractions of the exchange-correlation energy from LDA and GGA func-
tionals of DFT,ERFT . The energy for the exchange correlation approximated by hybrid

fucntionals EY* can be written in general as follows:

EIMI=Q  ESTI(MI+ EF )]

(2.29)
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One of the most known and widely used hyrbid functional is B3LYP which is expressed

as

EXBC3LYP :(l )E)|(_SDA + E )I(-H: + b EXB +(1 C)Elc_SDA + CElc_SDA (230)

The (r) was dropped from the expression for simplicity. The coef cients a, b, and c
in the B3LYP hybrid functional are approximately 0.20, 0.72, and 0.81 respectively. The
local spin density approximation (LSDA) is the same as the LDA but takes into account the
electron spin. In the B3LYP functional, the Vosko-Wilk-Nusair (VWN) parameterization
of the LSDA functional is usedE? is the exchange energy approximated from the Becke
1988 exchange GGA functional and the correlation functional of Lee, Yang and Parr for
B3LYP. B3LYP typically performs well in predicting physical geometric properties such as
bond length of equilibrium geometries of a molecule in the electronic ground state.[63, 99,
116, 118]

The DFT method is extended using linear response theory to Time-Dependent Den-
sity Functional Theory (TD-DFT) to compute excited state energies and properties of the
molecule from interaction with an electric or magnetic eld.[118-120, 128, 129] Similar to
many functionals, B3LYP functional suffers from poorly approximating properties regard-
ing charge-transfer and only performs well for short-range separated interactions.[63] To
address this problem, the Coulomb Attenuated Method B3LYP functional (CAM-B3LYP)
was developed by Yanai, Tew, and Handy to correct for the approximation of the long-
range separated interactions associated with charge transfer processes prominent in exci-

tations.[129] The main difference between B3LYP and CAM-B3LYP is the amount of HF
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exchange and inclusion of long-range corrections presented by Tawada et al. CAM-B3LYP
includes approximately 0.181F + 0.81 EE8 exchange interaction at short-range, and
0.65EF + 0.35EB% at long-range. Other functionals that explicitly include the long-
range correlation have also been developed. More details can be found in literatures ref.
[118-120, 128, 129].

The computational cost of modeling a system using wavefunction based methods such
as CCSD, EOMCCSD, and CASSCF scale with the size of the system on the order of
O(N®) and up, where N is the number of basis functions used to model the system, thus
limiting the systems and processes that are being modeled by system size and to gas phase.
Kohn-Sham DFT/TDDFT on the other hand is useful in modeling large molecular systems
because it scales OflNmaking it computationally ef cient.[60-63, 113, 130] Modeling
photoinduced reactions in an environment such as aqueous solution faces the same problem
between accuracy and computational ef ciency. Implicit solvation models are commonly
used to capture electrostatic effects quantum mechanically because no atoms are present,
whereas explicit solvation models that actually model the atoms of the solvent molecules
are commonly modeled classically with less accurate models such as force elds.[77, 99,
130-132] Methods to model the condensed phase in the context of a water solvent environ-

ment will be introduced and discussed in the next chapter.
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CHAPTER 3

MODELING SOLVATION EFFECTS ON ABSORPTION AND
FLUORESCENCE SPECTRA OF INDOLE IN AQUEOUS
SOLUTION

Reprinted with permission from [Abou-Hatab, S., Carnevale, V., Matsika, S. Modeling
solvation effects on absorption and uorescence spectra of indole in aqueous solution, J.
Chem. Phys. 154, 064104 (2021); https://doi.org/10.1063/5.0038342], with the permission
of AIP Publishing.

3.1 Abstract

Modeling the optical spectra of molecules in solution presents a challenge, so it is im-
portant to understand which of the solvation effects (i.e electrostatics, mutual polarization
and hydrogen bonding interactions between solute and solvent molecules, etc.) are crucial
in reproducing the various features of the absorption and uorescence spectra, and to iden-
tify a suf cient theoretical model that accurately captures these effects with minimal com-
putational cost. In this study we use various implicit and explicit solvation models, such as
molecular dynamics simulations coupled with non-polarizable and polarizable force elds,
as well as, Car-Parrinello molecular dynamics simulations, to model the absorption and
uorescence spectra of indole in agqueous solution. The excited states are computed us-

ing the equation of motion coupled cluster with single and double excitations combined
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with the effective fragment potential to represent water molecules, which we found to be a
computationally ef cient approach for modeling large solute-solvent clusters at high level
of quantum theory. We nd that modeling mutual polarization, compared to other sol-
vation effects, is a dominating factor to accurately reproducing the position of the peaks
and spectral lineshape of the absorption spectrum of indole in solution. We present an in-
depth analysis of the in uence different solvation models have on the electronic excited
states responsible for the features of the absorption spectra. Modeling uorescence is more
challenging since it is hard to reproduce even the correct emitting state, and force eld

parameters need to be re-evaluated.
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3.2 Introduction

The spectroscopic response of optically active molecules in gas phase has been explored
extensively over the years utilizing a broad spectrum of quantum mechanical methods that
vary in accuracy and computational costs.[133-138] However, as most of the interesting
photophysical and photochemical phenomena (i.e. photosynthesis, photocatalysis, UV ab-
sorption of DNA leading to skin cancer, and uorescence in biological systems) occur in
solution, in particular in aqueous environment, many efforts have been devoted to model-
ing the optical spectra of solutes in aqueous solution.[133, 139-146] Ideally one would like
to compute excited states of the entire system (solute and solvent) quantum mechanically,
however, due to the many body problem that quantum mechanical methods entail, increas-
ing the number of atoms in the system beyond a certain size results in an exceedingly large
computational cost.[145] Thankfully, each chromophore has a signature spectral response
that is unique to the solute and remains present in the spectrum as the solute is embedded
in different environments (i.e. gas and solution) [133]. This feature allows one to focus on
modeling the solvation effects on the optical spectrum of the solute rather than accurately
modeling the solvent environment and its properties. Nonetheless, modeling solvation ef-
fects on the optical spectra of molecules is still a challenge that computational chemists
strive to overcome.

Features observed in the absorption and uorescence spectra of a chromophore in so-
lution include the position of the peak(s), especially that g, their corresponding in-
tensities, and the broadness of the spectra. A large solvatochromic shift to the spectra is
typically observed in solvents with high dielectrics such as water.[133] The peak intensi-
ties and shape of the spectra are also affected by the solvent. Some contributing factors
are: electrostatic and polarization effects, electronic density delocalization over the solvent

molecules, and proton transfer reactions. Often these factors are subtly combined when
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speci ¢ intermolecular interactions between the solute and the solvent, such as Hydro-
gen Bonding (HB), are present.[145] Additionally, collective vibrational dynamics affect
signi cantly the line shape [144, 147]. From the modeling perspective, absorption and u-
orescence spectra require that the solute ground state and excited, sha¢ec8lculated

in the presence of the solvent.[144] For the sake of computational cost and ef ciency, the
solvent degrees of freedom are approximated in the theoretical models in a way that retains
only the key components that contribute the most to the spectra. Thus, it is important to
learn which of these effects are crucial to reproducing the various features of the absorp-
tion and uorescence spectra and to identify a suf cient theoretical model that accurately
captures these effects with minimal computational cost.

The Polarizable Continuum Model (PCM), an implicit solvation model, is a widely used
approach to model solvation effects on the electronic excited states inexpensively and at a
high level of theory. In this approach the solute is treated at quantum mechanical level while
immersed in a continuum polarizable dielectric medium mimicking the solvent.[144, 145,
148] While this approach can reproduce the observgg of the spectra in solution, it is
not able to predict the spectral features, such as inhomogeneous spectral broadening, which
result from explicit solute-solvent interactions.[78, 133, 144, 149] A more explicit descrip-
tion of these interactions is obtained by using the hybrid Quantum Mechanics/Molecular
Mechanics (QM/MM) approach or the QM cluster model. In the QM/MM approach, the
system is partitioned into two regions: (i) the solute, or QM region, treated at a high level of
theory, and (ii) the solvent environment, or MM region, treated at a lower but computation-
ally ef cient level of theory using force elds.[78, 145] Using a non-polarizable force eld,
which is the most common approach, one can examine only some of the electrostatic effects
due to the solvent on the electronic excited state of the solute. However, since force elds
are based on empirical parameters t to experimental observables or QM calculations, they

may not be transferable enough to reproduce, for even moderately different systems, all the
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subtleties of solute-solvent interactions such as HB distances or the orientation of the rst-
shell waters.[133, 150] To ensure an accurate prediction of the HB distance, orientation
and covalent contribution, a QM cluster model can be used where water molecules that are
directly interacting with the solute are treated quantum mechanically. Using this approach
also allows for mutual polarization between the solute and solvent and has been found to
improve on the prediction of the intensity atax .[151] Nonetheless, it is computationally
intensive, especially for systems with multiple HB sites. Moreover, it is limited to effects
arising from short-range interactions since it ignores contribution from the bulk. Lastly,
like PCM, both of these explicit solvation models are based on a static representation of the
system and do not consider the dynamical nature of a solution.

At thermal equilibrium, both the solute and the solvent molecules are constantly in mo-
tion rather than occurring in a single static con guration. Sampling vibrational modes of
the solute alone (in vacuum) using the Frank-Condon model couples the electronic and
vibrational degrees of freedom, resulting in distinguishable transition bands in the elec-
tronic absorption spectra.[144] To capture the dynamical nature of the solvent molecules,
it is customary to use molecular dynamics simulations; this additional layer of complex-
ity is required to model the in-homogeneous spectral broadening observed in solution ex-
periments. In particular, three classes of molecular dynamics simulations are typically
considered: classical Molecular Dynamics (MD), in which nuclei are treated as classical
particles interacting through classical potentials, ab initio Molecular Dynamics (AIMD), in
which forces acting on classical nuclei are found by solving Schrédinger equation and Path
Integral Molecular Dynamics (PIMD), in which nuclei are treated as quantum particles.
Treating electrons or electrons and nuclei as quantum particles implies a progressively in-
creasing computational cost and thus AIMD and PMID simulations are limited in terms of
the size of the system and length trajectory; this limits severely the number of independent

con gurations sampled by the simulation.[144, 145]

34



In practice, an excited state calculation is performed for each uncorrelated con guration
and, to simulate the absorption spectra in solution. In this approach, the MD simulation and
excited state calculations are performed separately. Con gurations are extracted from MD
simulations and a single point calculation for each con guration is then performed to pro-
duce electronic energies with associated intensities. The energies and oscillator strengths
of each con guration taken from the MD simulation, if plotted, would appear as sticks at
different wavelengths, not Gaussians. The distribution of these sticks with varying heights
(intensities) would form the broadness of the spectrum and different peak heights. They are
then dressed in a Gaussian or Lorentzian function to create the shape of the spectrum. The
width of the Gaussian is chosen as an arbitrary value that best ts the data and agrees with
the experimental spectrum.[144] This method does not only account for the vibronic and
dynamical effects, but also includes thermal and pressure uctuations that are also found
to in uence spectral broadening. Following this procedure studies have found that mod-
elling the vibrational effects and solvation dynamics are crucial to accurately reproducing
this inhomogeneous broadening in the absorption spectra.[144, 151-153] A more sophisti-
cated approach includes vibrational effects of both the ground and the excited states using
Franck-Condon overlaps.[154]

A crucial effect introduced by solvents, especially polar ones, is mutual polarization be-
tween the solute and the solvent molecules. Modeling this polarization effect in the ground
state of a solvated molecule becomes computationally feasible with the development of
polarizable force elds.[133, 145, 155] Amongst the many polarizable force elds that
have been developed (i.e. induced dipole, drude oscillator, etc.)[155], the most commonly
used force eld to study mutual polarization effects on the absorption spectra in solution
has been the uctuating charge model (FQ).[151, 156—-158] Modeling polarization effects
with this force eld was found to successfully reproduce the absorption spectra of xanthine

in solution with small deviation [151]. However this was only achieved after ne tuning
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the atomic hardness parameter to exaggerate polarization effects. Otherwise, the absorp-
tion spectra modeled with QM/FQ was found to be no different from that modeled with
non-polarizable force eldi.e. QM/TIP3P, as was also seen when studying the absorption
spectra of curcumin tautomers. [158] Nonetheless intensifying the polarization between
the different solutes and water solvent indicated that it is important to model this effect in
the ground state.

Capturing the mutual polarization effects becomes even more important in excited state
calculations. For instance, upon UV-absorption, the chromophore becomes polarized by the
light, and the electrons redistribute across the molecule. This change in the chromophore
electronic density causes a rearrangement of the solvent charge distribution which, in turn,
polarizes the chromophore. Polarizable force elds combined with QM calculations in
the QM/MM framework have been developed and used for this purpose.[146, 159-163]
Another approach that can include solvent polarization on excited states effectively and
accurately is a hybrid approach using high level Quantum Mechanical methods combined
with Effective Fragment Potential (EFP) for the solvent.[150, 164—-167] In this model, the
solute is treated quantum mechanically while each solvent molecule is modeled as an ef-
fective fragment potential. In EFP, analytical potential functions like the MM are used,
however, the parameters are computed from rst principle methods and include multipoles
beyond monopole (charges) including polarization (induction), dispersion, exchange and
repulsion, and charge transfer terms in the interaction energy. Polarization with the excited
states is included which means that the solvent will be able to adapt to the change in the
charge density of the solute upon excitation.[150]

One of the most studied chromophores, due to its biological relevance, is the optically
active side chain of tryptophan, indole.[168—170] Indole is known for the sensitivity of its
absorption and uorescence spectra to changes in the microenvironment.[41, 69, 70, 85—

89, 91, 94-96, 98, 171-187] The lack of a detailed understanding of the molecular mech-
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anisms resulting in its unique optical properties, makes indole the perfect case study for
investigating solvation effects on the absorption and uorescence spectra. We focus on in-
vestigating how the different solvation effects modeled by PCM, QM Cluster and explicit
solvation models contribute to the accuracy of the predicted absorption and uorescence
spectra. In particular, since explicit solvent models entail sampling of molecular con gura-
tions of the electronic ground state, we adopt the molecular dynamics simulation protocol,
using force- eld or DFT-based Car-Parrinello schemes to integrate the equations of motion.
Both non-polarizable and polarizable (Amoeba) force elds are considered, while for Car-
Parrinello molecular dynamics, we use a planewave expansion of the Khon-Sham orbitals
and norm conserving pseudopotentials. The excited states of indole in the various solva-
tion models are studied with equation of motion coupled cluster with single and double
excitations (EOM-CCSD) and the EFP method.

Previous investigations using explicit solvent models have focused on absorption spec-
tra. Studies on uorescence exist as well, [188-192] however, modeling uorescence spec-
tra is challenging because calculating the gradients of the excited states potential energy
surfaces can be complicated. Additional problems occur when more than one state absorb
light, as is the case in indole, and predicting the correct emitting state becomes an impor-
tant issue. Here we offer an initial investigation into these issues in indole. To explore
the con gurational space of an excited indole moiety in aqueous environment, we develop
novel force- eld parameters to be used with the SPC water model and calculate the solvent
reorganization free energy following chromophore excitation. We also explore the capabil-
ity of our models to predict the correct emitting state. The current study offers insight into

additional further steps that are needed for modeling uorescence.
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3.3 Methods

3.3.1 Absorption and Fluorescence from Static Con gurations
3.3.1.1 Polarizable Continuum Model (PCM)

A geometry optimization and vibrational frequencies calculation was performed on in-
dole in vacuum at the B3LYP/6-31G(d) level of theory. Four vertical excitation energies
were computed from the ground state minimum with EOM-CCSD/6-311+G(d) in aque-
ous solution implicitly using PCM with Perturbation Theory Energies and Singles (PTES)
scheme[193-195]. Due to the fast time-scale that absorption occas {° s), the nu-
clei of the solvent do not have time to respond to the change in the electronic density of
the solute. Instead the fast electrons of the solvent, represented by the optical dielectric
constant, respond to the polarized excited state density from which the excitation energies
are computed using the non-equilibrium solvation approach. The excited state relaxation
to the § minimum of indole in aqueous solution was then computed by optimizing with
EOM-CCSD/6-311+G(d) and PCM-PTES with state-speci c approach. Since uorescence
happens at a slower time scale than absorptioh0(° s), the slow nuclei of the solvent
have time to reorient and align their dipoles to that of the solute in the excited state, a pro-
cess also known as solvent reorganization. Here the solvent becomes equilibrated with the
electronic density of the speci ed; State of the solute and the energy is resolved using the

equilibrium solvation approach.

3.3.1.2 Indole-water Dimer

To evaluate how HB in uences the excitation energies and intensities of absorption, a
Indole + 1 HO complex was studied. We modeled this complex by placing o1& the
N-H site of indole where it would be expected to hydrogen bond (as seen in Figure 3.1).

The complex was optimized to the ground state minimum at the B3LYP/6-31G(d) level
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Figure 3.1. Indole + 1HO complex at the ground state minimum

with the addition of Grimme Dispersion correction, D3, to account for the dispersion error
from TDDFT methods, which improves the prediction of the HB interaction. In quantum
mechanics, a geometry optimization calculation gives a point where the rst derivative of
the energy with respect to the nuclear position is equal to zero. This point can be a maxi-
mum, minimum, or saddle point. To con rm that it is a minimum, vibrational frequencies
calculation is performed which takes the second derivative of the energy with respect to
all degrees of freedom of the molecule. This characterizes the curvature of the potential
energy surface about this point. A minimum is characterized by all vibrational frequencies
about this point being positive.[63, 99, 196, 197] Four vertical excitation energies from the
equilibrium complex in the ground state were computed at the EOM-CCSD/6-311+G(d)
level to study the absorption. An excited state optimization and vibrational frequencies
calculation with CAM-B3LYP+D3/6-311+G(d) was performed to obtain therfhimum
from which uorescence occurs. All geometry optimization and vibrational frequencies
calculations were performed on the Gaussian16 software[198]. A single point calculation
was performed at the optimized 8inimum of the Indole + 1HO using EOM-CCSD/6-
311+G(d) to obtain the vertical emission energy and corresponding oscillator strength.
The vertical excitation and emission calculations were then repeated using hybrid Quan-

tum Mechanics and Effective Fragment Potential (QM/EFP) approach[150, 165-167], with
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the optimized ground and excited state geometries of the indole 3QLddmplex. In-
dole was described as the QM region computed at the EOM-CCSD level and the©ne H

molecule was modeled with EFP with parameters computed at the same level of theory.

3.3.2 Ground State Ensemble Sampling via Molecular Dynamics Simulations
3.3.2.1 Non-Polarizable Force Field

A structural model of indole solvated by a cubic box of 3291 water molecules was
simulated using Gromacs 2016.3 [199]. The equilibrium geometry for indole was cal-
culated from energy minimization in gas phase at the B3LYP/6-31G(d) level of theory.
Fixed atomic charges were computed using the ChelpG approach [200] on the ground
state equilibrium geometry at the EOM-CCSD level of theory. All the other force eld
parameters, including that of the 12-6 Lennard Jones (LJ) potential used to model the
van der Waals (vdW) interactions, were taken from the Generalized Amber Force Field
(GAFF) using the Ambertool Leap program [201]. We used the SPC model for water
molecules [202]. Benchmark of the atomic charges can be found in Supporting Informa-
tion Chapter 3 (SIC3).

The geometry of the system was initially optimized using the steepest-decent algo-
rithm before starting the molecular dynamics simulation. The simulation included Periodic
Boundary Conditions (PBC) along the xyz directions. The smooth Particle-Mesh Ewald
(PME) method was used to compute long range electrostatic force terms with grid spacing
of 0.16 nm. This consisted of an equilibration phase (lasting for 10 ns) at constant volume
in which the system was allowed to reach 300 K using the V-rescale, modi ed Berendsen
thermostat (the NVT ensemble) with temperature coupling tau t of 0.1 ps[203]. The vol-
ume was then allowed to uctuate by setting the pressure to 1 atm in two steps using rst
the Berendsen and then the Rahman-Paranello barostat algorithms [204, 205] with pressure

coupling tau p of 2.0 ps. After 10 ns, the system was equilibrated and thus we started the
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MD production phase (hereafter referred to C-MM/MD simulation) during which we sam-
pled the ground state con guration space for a total of 10 ns. In equilibration and during
the C-MM/MD steps the length of all the bonds was kept xed using the LINCS algorithm
[206] and the equation of motions were integrated using the leap-frog[207] using a timestep
of 2 fs. A subsequent run of 5 ns was performed by releasing the constraint on the bond
length and decreasing the timestep to 0.5 fs. This is denoted as UC-MM/MD.

To evaluate the sampling timescale needed to reproduce structural features of the sol-
vated system, 20 uncorrelated snapshots separated by 250 ps were extracted from the 5 ns
UC-MM/MD simulation and used as random initial guesses to run short 8.3 ps MD sim-
ulations with a timestep of 0.05 fs. The rst 5.3 ps of the simulations were considered
equilibration and the remaining 3 ps as the MD production used for analysis. The length
and timestep of these short MD simulations are selected based on what was used in the ab

initio Car-Parrinello MD simulation, which will be described later, for direct comparison.

3.3.2.2 Amoeba Polarizable Force Field

A cubic box including one indole molecule and 3991 waters was modeled using the
polarizable Amoeba force eld and the Tinker 8.7 molecular dynamics package [208]. Pa-
rameters from amoeba09[209] and amoeba03[210] were utilized for the potential energy
terms that make up the force eld for indole and the water molecules, respectively. Un-
like the non-polarizable force eld, Amoeba uses the 14-7 pairwise additive function for
the vdW interaction and includes both permanent and induced multipole moments at each
atomic center to calculate the electrostatic interaction.[211] In addition, electronic polariza-
tion is introduced in the force eld through the mutual induction energy term which allows
each polarizable atomic site to respond to an external electric eld. The induced dipole at
any atomic center will further polarize other sites until all atoms in the molecule have been

mutually polarized. [211, 212] The large network of water molecules act as an electric
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eld around the indole molecule. Modeling both the indole and the water molecules with
Amoeba thus allows indole to become polarized by the surrounding waters and vice versa.
The system was optimized using the steepest-decent minimization algorithm and then
equilibrated. The PME was used to compute electrostatic interactions with a real space
cutoff of 0.70 nm and periodic boundary conditions along xyz. The equilibration occurred
in two steps using NVT and NPT ensemble. The system was heated to 300 K with the
Berendsen thermostat and a tau of 0.1 for 50 ps. The pressure was then equilibrated to
1 atm and tau p of 1.0 ps with the Berendsen barostat for 5 ns with dt of 1.0 fs with a
coupling the pressure with tau p of 1.0 ps. The equilibrated system was then used in the
MD production phase and further simulated for 5 ns with dt of 0.5 fs using the Velocity

Verlet integration method.

3.3.2.3 Car-Parrinello

A cubic box of one indole and 126 waters was modeled with plane wave and pseudopo-
tential and Strongly Constrained and Appropriately Normed (SCAN) functional of Density
Functional Theory (DFT) on quantum espresso 6.4.1 [213]. Norm-conserving HSCV-PBE
pseudopotentials [127] were used for the core electrons and nuclei of all atoms involved
(N,C,0O,H). A kinetic energy planewave cutoff of 85 Rydberg was used (benchmark can
be found in Fig S5 SIC3). A ctitious electronic mass of 300 a.u. was used. The system
was then simulated for 8.3 ps with dt of 0.05 fs using Car-Parrinello Molecular Dynamics
(CPMD), of which 5.3 ps were considered equilibration and the last 3 ps were considered

production and used for analysis.

3.3.3 Absorption Spectra

Four excited states were computed for 50 snapshots of indole with water molecules

within 4 A cutoff distance sampled from the C-MM/MD, UC-MM/MD, Amoeba MM/MD,
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and SCAN-CPMD simulations illustrated in Figure 3.2 (a). The solvation shell with cut off

4 A included an average of 18 2 waters for con gurations modeled with force elds
simulations and 15 1 water molecule for those modeled using SCAN-CPMD. The 50
snapshots were separated by 200, 50, and 50 ps, and 40 fs for the sampling methods re-
spectively. To evaluate the effect that long-range solute-solvent interactions has on the
absorption and check the accuracy in describing the unique HB network between water
molecules in the liquid phase, four excited states were computed for the same 50 snapshots
from the UC-MM/MD simulation including waters 6, and 8 A of indole as seen in Figure

3.2 (b) and (c)). Discussions on the effects of different cutoff radii are given in SIC3, and
show that although there are some differences when increasing the radius and the number

of water molecules, the main picture is captured with the small radius.

Figure 3.2. Random snapshot showing indole and water molecules at a distance of (a) 4, (b) 6,
and (c) 8 A from indole in UC-MM/MD

All excited state calculations of indole and water clusters sampled from MD simula-
tions were modeled using the EOM-CCSD/EFP approach with basis set 6-311+G(d) for
high accuracy at an affordable computational cost. The EFP model allows for an ef cient

and accurate description of the waters surrounding the solute, and is described in detail

elsewhere.[150, 164-167] In the coupled-cluster calculation with EFP, the induced dipoles
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of the fragments are frozen at their HF values, so mutual polarization is introduced with
the ground state. To account for solvent response to electron rearrangement in the ex-
cited states, a perturbative non-iterative correction is computed for each EOM root. The
one-electron density of the target EOM state is calculated and used to re-polarize the en-
vironment, i.e., to recalculate the induced dipoles of the EFP part in the eld of an EOM
state. These dipoles are used to compute the polarization energy corresponding to this state,
and this polarization energy is added to the energy of the excited state.

The calculations were repeated with CAM-B3LYP+D3/6-311+Gd(d) for models with
a centered indole solute surround by waters within a 4 A radius, in order to test the effect
of a different electronic structure method. All excited states related calculations were com-
puted on QChem[197]. The absorption spectra were simulated from the four excitation
energies and corresponding oscillator strengths with a Lorentzian function with a bandwith
of 0.2 eV.

In order to validate the EFP approach we calculated the spectra using complexes of
indole with a single water molecule, either all quantum mechanically, or using EFP for the
water. The comparisons are given in SIC3, and show comparable results, validating our

approach of using EFP for the larger clusters.

3.3.4 Excited State Ensemble Sampling via Molecular Dynamics Simulations

We modeled indole in the excited, land L, states using the simple non-polarizable
force elds with classical molecular dynamics in order to study the uorescence of indole
in an explicit solvation model. A proper treatment of using MD for the excited states
requires reparametrization, and there have been several efforts to develop force elds for
excited states.[153, 214-218] Here we used the C-MM/MD model used for sampling the
ground state and parameterized the non-bonding force eld potential terms, the vdW and

the Coulombic potential for the excited Bnd L, states of indole, respectively.
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The Coulombic potential was parameterized by computing the partial charges of an
isolated indole molecule using the densities gfdnd Ly, in the ground state equilibrium
geometry with ChelpG at the EOM-CCSD/6-311+G(d) level of theory. Ideally, to properly
model the uorescence these charges should be computed at the respective excited state
potential energy surface minima, however for indole, the energy gap betweep émel L
L, states at emission is too small, leading to mixing between the two wavefunctions. This
generates charges of the two excited states which do not re ect their dramatic difference
in polarity. This mixing does not occur for the geometry corresponding to the ground
state potential energy surface minimum and that is the reason why we use this geometry
to calculate charges for the excited statgghd L,. The derived charges can be found in
SIC3 (Table S1).

Non-polarizable force elds use the 12-6 LJ potential to describe the van der Waals
interactions:

A% 7 A § _ Culij)  Celisi).

—
Vb ()= —% T e (3.1)

wherer is the distance between particles of tyipandj, respectively. For each pair of
particle types(i;j ), this potential is completely determined by parametgrsand i;

or, equivalently by the pai€i,(i;j ) andCg(i;j ). Here we consider, how the electronic
excitation affects these parameters and, in partic@g(i, j ), which according to Slater-

Kirkwood equation [219] depends on atomic polarizability as:

246

. 3
Ce(i) = Ce(ii) = 21angNAa'%- (3.2)

Neff;i

whereE, is ionization energyag is the atomic radius, ; is the polarizability (in units of
V 1), N, is the Avogadro number arides;; is the number of effective electrons in atom

i. Since the atomic polarizability; is directly proportional to the atomic volume[152], the
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denominator in the r.h.s. of equation 3.2 is proportionaﬂ q@e‘f’f— whereV, is the atomic

q_
volume, and it is therefore also proportional tolif, where ; is the atomic density:
Coli) 1 VPP (3.3)

The effect of the electronic excitation is thus to rescale the attraCi¢ of the ground

state
Cg(i) = kC§(i) (3.4)
by a factork equal to:
Ay
k= veP—; (3.5)
gs gs

whereCg, Vs, and s are, respectively, th€s coef cient, the atomic volume and the atomic
density for electronic state We computed the charge density of the atoms in indole for

the ground state and the two excited states at the EOM-CCSD/6-311+G(d) level. Atomic
charges and atomic volumes were then computed using the Bader analysis grid-based ap-
proach[220]. The scaling factérwas calculated for each atom in indole. The resulting
parameters used in the MD simulation for each atom in the ground and excited states are

reported in SIC3 (Table S2).

3.3.5 Adiabatic Free Energy in Solution

In gas phase, indole is found to emit from thg dxcited state. Upon solvation, the
L, excited state is redshifted below thg éxcited state, becoming the Binimum where
uorescence takes place. We model this process (as seen in Figure 3.3) by calculating
the adiabatic free energy of the two states in solutio@292 . In general, the adiabatic

free energy is the difference between the zero-point vibrational energy level of the excited

and ground state. In the Gaussian electronic structure package, the total electronic energy

46



of the system obtained from geometry optimization and the zero-point vibrational energy
level corresponding to the vibrational motion of the molecule at absolute zero is obtained
from vibrational frequencies calculation.[198] The Gibbs free energy of the system is then
computed as the sum of electronic and thermal free energies. The thermal correction to the
free energy is the thermal free energies obtained as a sum from contribution from the elec-
tronic, vibrational, rotational and translational degrees of freedom of the solute as it goes
from 0 to 298.15 K. We perform an optimization and vibrational frequencies calculation of
the electronic ground and,land L, excited state minima of indole in gas phase, quantum
mechanically, at the TDDFT level. A thermal correction to the Gibbs free energy obtained
from the vibrational frequencies calculation is added to the EOM-CCSD electronic energy
to obtain the free energy of the solute in the respective electronic states. The difference
between the free energy of the solute in the ground and excited state minima in gas phase is
de ned as the adiabatic free energy in gas phasga<’ (depicted by a solid blue arrow

in Figure 3.3).

To evaluate whether modeling the &nd L, excited states of indole in explicit solvation
with the L,-MM/MD model L,-MM/MD models can predict this energy level inversion we
calculate the adiabatic free energy of the two excited states in solutiBffi®® (depicted
by the blue dotted arrows). We estimate this free energy difference as resulting from three
steps: i) desolvation of indole in the ground state; ii) excitation of indole in gas phase and
relaxation of the indole's nuclear degrees of freedom (this allow us to estir’rﬁgég‘b);

iii) solvation of indole in the excitate state (Figure 3.3).

The adiabatic free energy in solution,G392" is informative also about solvent re-
organization free energy. Upon excited state relaxation to the excited state minimum in
solution, solvent molecules reorganize in response to the change in the charge distribution
of the solute. The free energy required for solvent molecules to reorient in response to a

change in the solute charge distribution (as a result of electronic excitation) is known as
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Figure 3.3. Diagram of the Potential Energy Surface of the electronic ground (gs) and excited state
(es) in gas phase (solid black curve) and in solution (dotted black curve). The diagram portrays the
process to compute the adiabatic free energy in an explicit solvent (blue dotted line) in three steps. (i)
The desolvation of the solute in the ground state (yellow arrow), (ii) electronic excitation (blue solid
line) followed by excited state relaxation, and (iii) solvation of the solute in the excited state (red
arrow).

solvent reorganization free energyc"®°'9. We de ne G'°9 as:

Greorg - Ggglv nglv (3.6)

We compute the free energy of solvationGs°V starting with the (GS) C-MM/MD,
L,-MM/MD and L,-MM/MD models of indole in the ground and excited states in aque-
ous solution using the Free Energy Perturbation Theory (FEP) and Molecular Dynamics
approach. We decouple indole from water by decreasing the value of a coupling parameter,

, that modulates the strength of the Hamiltonian ternt$ associated with the interac-
tions between the solute and the solventd ( ) is the energy of the system as a function
of interaction between solute and solventWhen is equal to zero, there is no interaction
between the solute and solvent andt (= 0) represents the energy of the solute in gas

phase, whereasH (= 1) is the energy of the system in solution. We used a decoupling
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protocol in which is varied from 1 to O in decrements of 0.05 for vdW and by decre-
ments of 0.1 for the Coulombic terms. Decoupling of electrostatic terms starts after vdW
interactions have been scaled by a factor of 0.55. We scale the vdW before the electrostat-
ics to avoid having positive and negative charges approach one another at in nitely close
distances leading to unreasonable results. The FEP/MD simulation was run for 100 ns for
each value to enable statistical convergence of the free energy estimated by combining

the 20 simulations (each with a different value ¢f(see SIC3).

3.3.6 Fluorescence Spectra

To simulate the uorescence spectrum of indole in agueous solution, indole-water con-
gurations from the L,-MM/MD simulation were used. In 3.3.4 we describe that the ex-
cited state ensemble sampling for thg &nd L, states were produced using Constrain-
MM/MD simulation which uses the optimized ground state geometry and constraints all
the bonds for reasons explained in previous section. We then parameterize the non-bonding
parameters (vdW and Coulombic charges) for the excited states. From-Ad&IIMD
simulation, 50 snapshots separated by 200 ps were extracted. The frames included water
molecules within 4 A radius of indole. Since quantum properties such as vertical excitation
and emission (absorption and uorescence) are sensitive to small vibrational changes and
indole has been found to emit from thg excited state in solution, the indole ground state
minimum geometry in all 50 con gurations was superimposed and replaced withthe
geometry from which emission takes place. Single point excitation energies were com-
puted for all 50 frames with EOM-CCSD/EFP and 6-311+G(d) basis set. The uorescence
spectra was simulated from the computedBission energy and corresponding oscillator
strength dressed with a Lorenztian function with a bandwidth of 0.2 eV.

The character of all excited states computed at absorption and emission with all models

described were characterized from Natural Transition Orbital (NTO) calculations.
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34 Results and Discussion

3.4.1 Ground State Sampling

We begin by investigating the structural features of the indole electronic ground state
in aqueous solution. We focus on the radial distribution functjgs(r) calculated with
UC-MM/MD, Amoeba MM/MD, and SCAN-CPMD simulations. These methods show a
hierarchy of approximations in terms of electrostatic interactions: from xed-charge par-
ticles (UC-MM), to point dipoles (Amoeba) to a full description of the electronic charge
density (SCAN). As an additional term of comparison, we consider also the results from
an intermediate level of approximation based on the BLYP exchange and correlation func-
tional and Born-Oppenheimer MD. BLYP is based on a Generalized Gradient Approxi-
mation (GGA), which is, in general, less accurate than the meta-GGA scheme utilized in
SCAN. Data for the radial distribution function using BLYP Born-Oppenheimer MD are
taken form ref. [221]. Since an experimenggh(r) is not available, we cannot character-
ize the accuracy of each method. Instead, we discuss similarities and differences between

different theoretical models. Thg.o(r) are plotted in Figure 3.4.

3.4.1.1 First Solvation Shell

The peak in thg,.(r) obtained with UC-MM/MD indicates a typical distance between
the amino hydrogen of indole and the water oxygen of 1.875 A. This is consistent with
the optimized geometry of the indole + & complex for which the distance is found
to be 1.88 A at the CAM-B3LYP+D3/6-311+G(d) level of theory. On the other hand, the
Amoeba MM/MD and SCAN-CPMD simulations both predict the water oxygen at a larger
distance from the amino hydrogen of indole, speci callyrat 2:025A, in agreement
with the results of the BLYP-BOMD simulation. This discrepancy between the optimal

distance found for the indole + 1,8 complex and the peak of tlig,(r) calculated with
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Figure 3.4. Radial distribution function (RDF) between amino hydrogen (H) of indole and water
oxygen (O) obtained through sampling of the ground state ensemble with classical non-polarizable
force eld (UC-MM), polarizable force eld (Amoeba MM), and Planewave-Pseudopotential
SCAN-DFT Car-Parrinello MD. The hydrogen-oxygen distance is scanned in increments of 0.15
A. The RDF obtained from the BYLP-BOMD simulation is from ref [221]

SCAN likely results from competitive interactions due to the network of H-bonded water
molecules from the second shell which “pull” the rst shell water away from the minimum
of the potential energy surface. This exquisite many-body effect may not be present in
the classical non-polarizable force- eld, whose parameters are typically optimized to re-
produce the geometry of a supramolecular complex with a water molecule. Interestingly,
the inclusion of atomic polarizabilities in Amoeba [211] results in a structure with a dis-
tance between amino hydrogen and water oxygen completely consistent with the DFT-MD
calculations.

The three simulations (UC-MM/MD, Amoeba-MM/MD, and SCAN-CPMD) disagree
also on the predicted height of the rst peak and position and magnitude of the rst min-
imum. For UC-MM/MD and Amoeba MM/MD, the},,(r) shows peak values of 1.226
and 1.026 and decays to 0.250 and 0.413 at a distance of 2.475 and 2.625 A, respectively.

The g.o(r) predicted with SCAN-CPMD shows an even more pronounced peak (1.368)
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and decays to a minimum of 0.07 at 2.475 A. Overall, SCAN-CPMD shows a signi cantly
structured rst solvation shell compared to the other methods. In spite of the stark contrast
between SCAN-CPMD and the other two simulations we refrain form drawing conclusions
given the signi cantly different timescales (3 ps in SCAN-CPMD vs 5 ns for the force- eld
based ones) sampled along the trajectory. Integration of the radial distribution function over
the rst peak indicates a coordination number of approximately 1 for all the simulations.
This means that all methods agree on the fact that only one water molecule is HB to indole
at the NH site. This further justi es our direct comparison of the HB distance in the Indole

+ 1H,0 complex with that predict from the MD simulations.

3.4.1.2 Second Solvation Shell

The UC and Amoeba MM/MD simulations do not show pronounced second peaks in
theg,o(r), indicating a substantial lack of structure in the second shell of solvation around
the NH group of indole. By contrast, the SCAN-CPMD simulation predicts a peak at about
3.75 A with g.o(r) of 1.22 (almost as large as the rst peak) with the second local mini-
mum located at about 5 A, indicative of the presence of a signi cantly structured second
solvation shell. They,o(r) predicted by the BLYP-BOMD simulation shows a somewhat
intermediate character with a broad second peak located between 2.8 and 6 A. Despite the
fact that the SCAN-CPMD simulation is based on a relatively accurate description of the
electronic degrees of freedom and that the compgigetr) (in SIC3 Figure S6) gives the
best agreement with the experimentally measured liquid water structure, the length of the
simulation is too short to reach statistical convergence of the estingat€d) and, as a
result, some of features of thig(r) apparent from the plots may result from statistical
uctuations. However, some structural differences appear to be robust and will be further
explored below in terms of their consequences on the predicted absorption spectra.

In order to check the role of the simulation time we ran 20 classical simulations that
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are the same timescale and time step as that of the Car-Parrinello simulation starting from
20 uncorrelated snapshots extracted from the 5 ns UC-MM/MD trajectory. We plotted the
radial distribution function of the statistical average and standard deviation at each separa-
tion distance and compared the results to the RDF of the 5 ns UC-MM/MD simulation
and the 3 ps SCAN-CPMD simulation (see Figure S7 in SIC3). Our results indicate that
the difference in the rst and second peak between classical and CPMD simulations is un-
likely to be due to statistical uctuation. It also indicates that the differences we see in the
spectra in SCAN-CPMD compared to the UC-MM/MD simulation are not only due to the
short length of the simulation. These results also indicate that a CPMD study could be de-
vised that could give statistically converged results. This is however very computationally

intensive, prohibiting application to the current study.

3.4.2 Absorption Spectra

Absorption spectra were simulated using four vertical excitation energies and oscillator
strengths of 50 indole-water frames sampled with non-polarizable force eld with con-
strained (C) and unconstrained (UC) bonds, polarizable Amoeba force eld, and SCAN-
CPMD simulation. Waters in the solvation shell around indole were selected using a 4
A cut-off radius and vertical excitation energies were computed with the EOM-CCSD/EFP
approach. For comparison, the absorption spectrum was also simulated using the optimized
con guration of indole with EOM-CCSD/PCM-PTES approach. All spectra were overlaid
with the experimental spectra of indole in agueous solution plotted in Figure 3.5.

The experimental spectrum exhibits two peaks, at 270 nm (4.59 eV) and 285 nm (4.35
eV), with the peak at higher energy being broad and having some underlying structure. We
will investigate how the different solvation models perform in accurately reproducing the
main features of the absorption spectrum of indole in aqueous solution: the position of the

max at 4.59 eV, the position of the second peak at 4.35 eV and its relative intensity, and
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Figure 3.5. Absorption spectra simulated from four excited states of 50 uncorrelated indole-water
con gurations sampled with various solvation models and calculated at the EOM-CCSD/EFP level
of theory. A Lorentzian line shape function with a linewidth of 0.2 eV was used to t the electronic
energy distribution. Simulated spectra are overlaid with experimental spectra from ref.[7]. The
intensities of the peaks have been normalized to that of the obsepgd In (a) the theoretical
spectra are shifted by 0.46 eV to shorter energies to correct for the gas phase EOM-CCSD error. In
(b) they are all shifted so that their maxima coincide.

the spectrum lineshape.
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3.4.2.1 wmax Peak

Since the focus of this work is on the solvation effects in order to compare the theo-
retical spectra to the experimental one we have shifted them by 0.46 eV. This corresponds
to the error of the EOM-CCSD/6-311+G(d) method to reproduce the gas phase vertical
excitation energy of indole according to our previous work.[98] We rst examine how the
different solvation models predict the position of thg,x peak. Modeling the solvation
effect on the absorption of indole implicitly with PCM is found to predict thgy at
4.83 eV, blueshifted by 0.24 eV compared to experiment. It should be noted that since we
have already extracted the EOM-CCSD error, this shift and all other ones discussed in this
section, are purely an error of the solvation description. Explicit solvation while keeping
the solute structure rigid in the C-MM/MD model gives almost the samg while the
peak becomes broader. There is no surprise that the PCM-PTES and C-MM/MD models
predict similar o« Since they both use the same frozen optimized ground state geometry
of indole. The broadness of the C-MM/MD peak re ects the effect of explicit solvent inter-
actions with indole. Including vibrational effects in both indole and the water molecules in
UC-MM/MD by relaxing the bonds also does not changgy by more than 0.03 eV. This
demonstrates that vibrational effects via classical molecular dynamics (excluding any QM
vibronic effects) have little in uence on the position of.x . The other two models, how-
ever, which include mutual polarization between all the molecules, produce greater shifts,
an indication that polarization effects in the ground state are crucial to reproducing the po-
sition of nax. SCAN-CPMD predicts a blueshift in the position of thg,x by 0.08 eV
compared to experiment, whereas Amoeba MM/MD nds it to be redshifted by 0.17 eV
from the experimental peak.

Both the experiment and most theoretical spectra predict that the rst peak has a shoul-

der, although the relative intensities and positions differ. We will discuss what leads to
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the ax and local maxima peaks and what leads to the differences predicted by the MD
simulations in more detail in Section 3.4.2.4.

We can also compare to the gas phagg, and extract the solvatochromic shift for
this peak from the different models and compare to the experimental value, which is a
redshift by 0.28 eV.[98, 174] All methods predict a redshift, and the magnitude ranges
from 0:1 0:4 eV. PCM gives the smallest value of 0.1 eV while Amoeba predicts the
largest shift, about 0.4 eV. The other methods predict a shift of about 0.2 eV. Here we
have estimated the solvatochromic shift in our calculations by compagiggto the ver-
tical excitation energy in the gas phase. This estimate assumesthaih the gas phase

corresponds to the vertical excitation energy.

3.4.2.2 Second Peak

In the measured absorption spectra, a second peak is observed at 4.35 eV with a relative
intensity of 0.72 compared to the rst peak, and, as itis not well de ned, it still appears as a
pronounced shoulder in the spectrum. Both PCM and C-MM/MD predict the second peak
to be at about the same position (4.42 and 4.44 eV, respectively) for the same reason as in
their similarity in the o« . They however differ in the relative intensity. The relative inten-
sity of the second peak is predicted to be 0.29 by PCM. C-MM/MD enhances this intensity
to 0.86. Including vibrational effects empirically from the UC-MM/MD model somewhat
redshifts the peak, while it increases its intensity. SCAN-CPMD portrays this peak to be
at 4.36 eV which is only 0.01 eV away from the experimental value, however, the relative
intensity is underestimated. Amoeba predicts the second peak to be at 4.28 eV, redshifted
by 0.07 eV compared to experiment. In general, force eld approaches overestimate the
intensity of the second peak, while SCAN-CPMD and PCM underestimate it. Overall, the
position of the two peaks is best described by SCAN-CPMD, but the structure and overall

shape is better described by Amoeaba.
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3.4.2.3 Spectral Shape

In order to better examine the shape of the spectra, in Figure 3.5(b) the compgited
of the simulated absorption spectra were all shifted to the experimentally observed peak
at 4.59 eV. Although SCAN-CPMD accurately reproduces the position of the two peaks
( max and second peak as seen in Figure 3.5(a)), it fails to reproduce the observed spectra
broadness, sharp decay from the second peak and the low intensity-low energy tail trail.
SCAN-CPMD portrays a spectrum that resembles the shape of that produced from PCM
and C-MM/MD simulation, both of which do not include any vibrational exibility. The
spectrum is broader than PCM yet narrow in comparison to the C-MM/MD and the exper-
imental spectrum. It should be noted that a snapshot from the C-MM/MD simulation was
used to start the simulations using SCAN-CPMD approach. The similarity in the spectral
shape of SCAN-CPMD to PCM and C-MM/MD suggests that perhaps running the CPMD
simulation for 5.3 ps to equilibrate is not enough to decorrelate the system from the refer-
ence state and/or that snapshots that are 40 fs apart are too correlated and more uncorrelated
con gurations need to be sampled. This con rms the observation and disucssion we had
in section A.2. On the other hand, both non-polarizable and polarizable force elds seem
to reproduce the broadness of the spectra, although they overestimate it because of overes-
timating the low energy peak. Amoeba is the model that best reproduces the shape of the
experimental spectrum, including the width and the shape at both low and high energy ends

of the spectrum.

3.4.2.4 A Closer Look

We explore the underlying electronic transitions responsible for the predicted features
seen in the absorption spectrum of indole in solution. The absorption spectrum of indole

in this energy range is governed by excitation to two excited states, called,Land
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Lp. Two states also exist nearby. In order to nd the contribution of each state to the
spectrum we strip down the absorption spectra from the UC-MM/MD, Amoeba MM/MD,

and SCAN-CPMD simulations into three spectra simulated from the energies and oscilla-
tor strengths corresponding to the electronicll,, and two state transitions. Figure
3.6(a-c) shows the individual spectra superimposed to the total spectrum in each case. Fur-
thermore, in order to compare the effects due to vibrations from the effects of interactions
with water molecules we repeat the calculations and plot the spectra using indole only with-
out the waters (Figure 3.6(d-f)). It should be noted however that these are not gas phase
spectra since they are obtained from the condense phase simulations, so the vibrations have

been affected by the surrounding solvent molecules.

Figure 3.6. Absorption spectra calculated separately for the L, and Ly excited states and

the two states. Top row (panels a-c) Excited states were calculated using indole and water
molecules are used; Bottom row (panel d-f): Excited states were calculated using only indole in
order to separate the vibrational effects from solvation interactions.

3.4.2.4.1 Electronic states: It is obvious from Figure 3.6 that the two main peaks seen

in all spectra arise from the electronic statesand L,. The higher energy peak which
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corresponds to max IS due to the L state while the second peak at lower energy is due

to the L, state (mostly). It is also clear that while thg band has a single maximum

and is described well by a Lorentzian, this is not the case for thband. It shows a

double maximum or a shoulder, and as was discussed above these features are apparent
in the overall spectrum. In the UC-MM spectrum actually the lower energy band is a
combination of both the Land the |, states, since one of the sub-bands irblends with

the L, band. The combined band is broader and the maximum is shifted to higher energies
compared to thedmaximum. This highlights the complexity of assigning the bands of the
absorption spectra, and the potential errors when we compare only to vertical excitations
from calculations.

The states are also present at energies ngaaurid they likely contribute to the
overall intensity and shape of the peaks. In order to further probe their contributions we
plotted the spectra with and without them (shown in Figure 3.7). This gure con rms that
while the overall spectra do not change the relative intensities are affected by thtates,
primarily at the high energy end of the spectrum. This is particularly true for UC-MM,
where the peak with the higher intensity is no longer the one at the high energy when the

states are excluded. The effect on the other two simulation methods is much smaller.

3.4.2.4.2 Vibrational effects on the electronic bands: In order to explore the origin

of the detailed structure in the,lband we examine the vibrational and solvent interaction
effects separately. We examine how the vibrational modes of indole contribute to the ab-
sorption spectra by computing the excited states using indole only without the surrounding
water molecules (Figure 3.6 (panel d-f). In gas phase, thepkctra show a shoulder in the
main peak in the UC-MM/MD and Amoeba MM/MD simulation. In the UC-MM spectra
the shoulder is separated by 1000 drfrom the peak (panel a). In the Ispectra simulated

from the Amoeba MM/MD con gurations (panel b) the separation is 1033 crn$CAN-
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Figure 3.7. Absorption spectra simulated with (solid line) and without (dashed line) the inclusion
of states.

CPMD on the other hand only predicts a single peak (panel c). It is clear from these spectra
that the L, band exhibits a vibrational progression whilgdoes not. This is in agreement

with their minimum energy geometries and how they differ from the ground state mini-
mum. The L, minimum is very similar to the ground state minimum so the Franck Condon
factors do not favor a vibrational progression. Therhinimum, on the other hand, dif-

fers signi cantly from the ground state minimum along the C-C and C-N bonds, and that
will lead to vibrational progressions based on Franck-Condon arguments. The reason that
SCAN-CPMD does not display any vibration is likely because there was not enough time

for vibrational relaxation.

3.4.2.4.3 Solvation Effects on the electronic bands:We now explain how the inter-

action with the water environment in uences the spectra produced from each simulation
(Figure 3.6a-c). Addition of the water interactions mainly changes the relative intensities
of the Ly and L, peaks. It also increases the separation of the vibrational progressions in

L,. In UC-MM the separation between the two peaks is 1722%¢nvhile in Amoeba it is
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1301 cm®. In Amoeba, the gap between thg &nd L, peaks decreases with solvation to
the extent that j.becomes almost completely hidden beneath thedectra (panel e).

The states have a much more pronounced effect with the addition of water
molecules. Two distinct peaks for the spectra become less structured and form many
peaks, an indication that the energy of the states is very sensitive to the position and

orientation of the surrounding water molecules, as one would expect.

3.4.2.5 Absorption Spectra with TDDFT

Figure 3.8. Absorption spectra simulated from four excited states and oscillator strengths of 50
con gurations of indole clusters sampled with UC-MM/MD, Amoeba MM/MD, and SCAN-CPMD
simulations, computed at the CAM-B3LYP+D3/6-311+G(d) level of theory (tabulated in Table S9
and S10) using linewidth 0.2 eV.

In order to examine the effect of different electronic structure method, the spectra were
also calculated using CAM-B3LYP+D3/6-311+G(d) using the same con gurations. The
simulated absorption spectra are shown in Figure 3.8. These spectra are not shifted, so it
is obvious that they reproduce the positions better than EOM-CCSD. On the other hand,
the structural features are diminished. The two distinct peaks simulated from the various

MD models and PCM at the EOM-CCSD level seen in Figure 3.5 are less obvious in these
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spectra, and sometimes a second peak completely disappears. This is because the energy
gap between the two states is in general underestimated by the CAM-B3LYP method, so
there is no distinct peak separation. The position of thg and spectral broadness of the
absorption spectra simulated from the Amoeba MM/MD approach best agrees with experi-
ment, relative to other ground state sampling methods. This again points to the importance
of modeling mutual polarization effects in the ground state and the capability of polar-
izable empirical force elds like Amoeba to properly sample solute-solvent interactions.
Although the spectra predicted at the TDDFT level may appear to better predict the posi-
tion of the spectra, the underlying transitions that make up the features of the spectra are
incorrect. Characterizing the excited states from NTO calculations portray that simulating
the absorption of indole with an implicit solvation model, like PCM at the CAM-B3LYP
level of theory, predicts theg(1 ) state to be brighter than thg(2 ). Modeling the
solvent explicitly, on the other hand, predicts that indole absorbs mostly to, teecied

state and not the,S It also predicts the wrong ordering of states at the ground state min-
imum, with the $ state being L and S excited state beingd. This demonstrates that
while CAM-B3LYP is a favorite TDDFT functional for computing excited states of neutral
systems, it is inadequate for modeling the solvation effects both implicitly and explicitly
for indole.

The performance of other TDDFT functionals and basis sets in accurately predicting the
excited states of indole in explicit solvation is not tested since that is not the focus of the
current paper. Several TDDFT functionals have been tested for indole in the gas phase and
aqueous solution using the implicit solvation model PCM.[171] A benchmark study with
various TDDFT functionals and basis set would be necessary to identify or con rm whether

or not TDDFT is a reliable method for indole in solution (explicitly) more generally.
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3.4.3 Fluorescence

Upon excited state relaxation to the @inimum where uorescence takes place, the
water molecules rearrange from their initial orientations at the ground state minimum, so
that their dipoles align optimally in response to the change in electronic and nuclear charge
distribution of the solute in the excited state minimum. For indole, the polastate
is found to be largely stabilized by water solvent to the extent that an energy inversion
between the L and L, excited state takes place at the uorescence where {Heetomes
the emitting state [7, 92-94, 172]. So, experimentally, it is observed that while in the gas
phase the emission occurs from theskate, the ordering of the states is inverted in aqueous
solution and emission occurs from.LWe will examine the ability of implicit and explicit
solvation models to predict this level inversion and accurately reproduce the uorescence

spectra of indole in agueous solution.

3.4.3.1 Excited State Sampling

We model indole in the excited state in agueous solution using explicit non-polarizable
SPC water solvent and molecular dynamics (similar to the C-MM/MD model used to model
indole in the ground state for absorption). We modeled the exciteand L, state of
indole by parameterizing the non-bonding parameters of the force eld, as described in the
Section 3.3. Water molecules are equilibrated to the different electrostatics of the indole
in the respective electronic states using MD simulations, which we tgiMNI/MD and
L.-MM/MD. The changes in solvation structure upon excitation are shown by plotting the
O..o(r) for the ground and excitedyland L, states (shown in Figure 3.9).

The HB strength with water becomes stronger in thestate, as is indicated in the
G.o(r) plots, where the rst maximum decreases from a distance of 1.875 A at the GS to
1.725 A at the L, state while staying the same as GS for thstate. The peak varies for GS

to Ly and L, from ag,.o(r) value of 1.259 to 1.400 and 1.637, and the coordination number
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Figure 3.9. Radial distribution function of H bonded to the N of indofg,o(r) in the excited L
and L, state to O of water modeled with C-MM/MD [bin 0.15]

is 0.864, 1.028, and 1.051, respectively. Based on the coordination number, only one water
molecule HB with indole in the ground and two excited states (with a difference of 0.15
A on the HB length betweenyland L,). Quantum mechanical calculations agree with the
classical MD simulations that the HB interaction between indole and water is stronger in the
L, state, although the change is not as large as in MD. The ground and exditg)l Sate
minima of the Indole + 1 KO complex optimized at the CAM-B3LYP+D3/6-311+G(d)

level give a HB distance of 1.88 A and 1.82 A, respectively.

3.4.3.2 Examining Energy Level Inversion using FEP/MD

In order to examine whether MD simulations can model the state inversion we assessed
how much the water stabilizes indole when it is in the groundnd L, states, by comput-
ing free energy of solvation, G*°V, using FEP/MD simulations (see Table 3.1). The L
state is predicted by the MD simulation to be less stabilized by the water solvent than the
ground state (GS) with free energy of solvation of -21.28.03 and -23.20 0.04 kJ/mol,

respectively. The L state is found to be stabilized by almost twice the energy of gletdte
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Table 3.1. Free energy of solvation,G*°V, and reorganization energya°9, for GS and ex-
cited states, pand L.

C-MM/MD Model | G*V (kd/mol)| G (kJ/mol)
GS -23.20 0.04
Ly 2123 0.03 | +1.97 0.05
La 42.06 0.04 | -18.86 0.06

with a free energy of solvation of -42.06 0.04 kJ/mol. Without scaling the attractive C
interaction of the vdW, the electrostatics interaction between indole and the water solvents
contributes -38.80 0.03 kJ/mol to stabilize the Lstate. Scaling the parameters further
stabilizes the | state from the Coulombic potential alone. From looking at the magnitude
of the dipole moments of the electronic GS, &nd L, state of 2.13, 2.23, and 5.25 Debye,
it is obvious that the |, state should be more stabilized by solvation, as is correctly pre-
dicted. The difference in the free energy of solvation for tgahd L, excited states is a
re ection of parameterizing the Coulombic partial charges at the EOM-CCSD/6-311+G(d)
level of theory for each state.

The difference between theG*°" for the ground state and the excited state minimum
re ects the amount of energy it takes for water to reorganize itself to the electrostatics of
indole upon excited state relaxation in aqueous solution, i@°°? (see Table 3.1). The
FEP/MD simulations predict that it takes +1.970.05 and -18.86 0.06 kJ/mol for water
to respond to the change in the electrostatics of the ground state and reorient themselves
to the electrostatics of the excited &nd L, states. The positive sign forG°™" re ects
that the reorganization of waters from ground state to theninimum is not a favorable
process where as the negative sign for ti@{°"' is.

We add the free energy of solvent reorganization to the quantum mechanically com-
puted adiabatic free energyG3J2® to determine whether the minima of the excited state

potential energy surfaces become redshifted or blue shifted in an explicit solvation model
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Figure 3.10. Potential Energy Surface Diagram of the ground (gs) and the excited states, L
and La, portraying the effect of solvation (dotted line) on indole in the gas phase surface (solid
line). GS°V for each state is indicated, as well as the adiabatic energg§'2® in the gas phase

( Gadab) and solution ( G2dab)

using the FEP/MD simulation approach with a non-polarizable force eld. The results are
shown in Figure 3.10. In our previous work, we computed the adiabatic energy from the
ground state to thedand Ly minimum with EOM-CCSD/6-311+G(d) in gas phase to be
4.70 and 5.04 eV, respectively. When adding the zero point energies and thermal effects,
the adiabatic free energies are found to be 4.58 and 4.86 eV (shown in Figure 3.10), re-
spectively. Adding the G5"° and G°’ to the gas phase adiabatic free energies we
get that the adiabatic free energies for indole in solution are 4.60 and 4.66 ey &odL

La, respectively. Although thestate became largely red-shifted, it still lies higher in en-
ergy than the | state by +0.06 eV. This indicates that the electrostatic effects and explicit
solute-solvent interactions are not enough to reproduce this unique energy level inversion
at emission. On the other hand, the EOM-CCSD/PCM model predicts thbetomes
barely stabilized past the,Iminimum by a small difference of -0.0018 eV. This indicates

that polarization of the solute by the solvent is a crucial factor for observing this special

PES inversion of the excited states of indole at uorescence in agueous solution.
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3.4.3.3 The $Minimum

In order to better understand how the different solvation effects (such as polarization
effects, HB interaction, explicit solute-solvent and long-range interaction) contribute to
the large redshift resulting in an energy level inversion and increase in uorescence inten-
sity, we compare the emission maxima and corresponding oscillator strengths from various

models to the experimental ones in Figure 3.11.

Figure 3.11. Vertical emission energies (left) and oscillator strengsth (right) computed using dif-
ferent solvation models and their corresponding uorescence intensity (oscillator strength)

EOM-CCSD accurately predicts the character of the emittingt&e in gas phase to be
Ly, and in aqueous solution using the state-speci ¢ implicit solvation model, PCM-PTES
to be Ly, but overestimates both energies by 0.34 and 0.70 eV, respectively. The much
larger error for I, re ects both the fact that the PES of this state is more challenging to
describe and the larger errors in PCM solvation. Inclusion of one water molecule hydro-
gen bonded to the N-H of indole modeled quantum mechanically and with EFP already
switches the character of the emitting state predicting it to hguwehlracter, but overesti-
mates the emission energy by 1.04 and 1.06 eV, respectively. Although the MD simulations
cannot predict properly the inversion (as shown in Section 3.4.3.2) we can nevertheless use
snapshots from the Lsimulations to calculate the emission energies at thenlnimum.

When using snhapshots from the MD simulations and water molecules within a solvation

67



shell of 4 A the average;Senergy is 4.47 eV with standard deviation of 0.17 eV, giving
an error of 0.9 eV compared to experiment. So, the error actually increased compared to
PCM.

These results indicate that indole is a very polarizable molecule, in which polarization
from PCM or HB interaction from just one water molecule at the N-H site of indole is
enough to stabilize the lexcited state to becoming the ®inimum. Although this speci c
interaction of 1 HO at the quantum mechanical level predicted the emittingt&e to be
L, the stabilization is not at the same magnitude as in PCM. PCM predicts the vertical
emission energy to be 4.29 eV whereas inclusion of,O lives an energy of 4.64 eV.

This suggests that polarization effects at the emission are stronger than the HB interaction.
Modeling the one KO with EFP gives very similar results as the full quantum mechanical
description at the EOM-CCSD level, con rming once again that using EOM-CCSD/EFP
is an accurate and more computationally affordable technique when used to predict the
vertical emission of a solute with a larger solvation shell. The oscillator strength (shown
in Figure 3.11) is more sensitive to both HB and polarization, and it appears that both are

needed to capture the intensity.

3.4.3.4 Fluorescence Spectra

It is challenging to model uorescence in explicit solvation. The models used here to
model the uorescence of indole in aqueous solution are not as extensive as the ones we
used for absorption. We used a simple classical non-polarizable force eld and molecular
dynamics of indole in the L excited state, and the bonds were constrained, which means vi-
brational effects are not included. Adding vibrational effects would require reparametriza-
tion of all the parameters in the force eld, which is a complicated task. In addition,
the force eld uses xed charges, therefore not including polarization effects as well (so,

equivalent to the C-MM model in absorption). Thus, only explicit solute-solvent electro-

68



static interactions and solvation dynamical effects are involved. We compare how modeling
electrostatic effects from this explicit solvent model where HB is prominent reproduces the
uorescence spectrum of indole in aqueous solution in comparison to that of the implicit

PCM model. Figure 3.12 shows the spectra produced from the MD simulation compared

to the one produced from PCM and the experimental spectrum.

Figure 3.12. Simulated uorescence spectra from the C-MM/MD model of indole in theek-
cited state and PCM-PTES shifted by 0.46 eV and overlaid with the experimental emission spectra
taken from ref [7].)

Experimental emissionnax is measured at 3.54 eV. As discussed before, EOM-CCSD
has an error when describing the excited states of indole, and since here we are interested in
the solvent effect we want to subtract that error. We will use the same error as in absorption
(0.46 eV according to our previous work), although the error may be larger in emission.[98]
Fluorescence spectra simulated from the ClassigdVIM/MD Model predict .« to be
at 4.03 eV (when corrected) and PCM-PTES predicts it to be at 3.83 eV (when corrected).
The two methods differ in the predicted emission maximum by 0.2 eV. Interestingly, PTES-
PCM is closer to the experimental emission maximum compared to the MD results. This

shows the importance of mutual polarization which is present in PCM.
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The modeling for uorescence in this work is limited. We offer two suggestions for fu-
ture considerations to indirectly introduce polarization effects in modeling the uorescence
spectra in aqueous solution. One, polarizing the excited state density by computing the
xed Coulombic charges of the excited state using a polarizable continuum model. And
the second is, either scaling the non-bonding parameters of Amoeba force eld or using
the partial charges of the emitting exited state in the polarizable force eld to model the
solute in the excited state. The second case would be a challenge of its own considering the
sophistication of the polarizable force eld in comparison to the classical non-polarizable
force eld. Despite its shortcomings, PCM is still a reasonable approach to calculate emis-
sion spectra, and the only practical way to calculate stationary points on the excited state

potential energy surface of molecules in solution.

35 Conclusions

In conclusion, we explored the solvation effects on the absorption and uorescence
spectra of indole using various implicit and explicit solvation models. We nd that sim-
ulation of a system composed of 394 atoms using ab initio Car-Parrinello MD needs to
be longer than 8.3 ps to produce uncorrelated dynamical con gurations, which would be
computationally exhaustive. Although the spectrum reproduces the position of the peaks,
it predicts a much narrower spectrum compared to experiment. We identify polarizable
Amoeba force eld and molecular dynamics as an affordable theoretical method for cap-
turing indole-water con gurations that can reproduce the absorption spectra of indole in
solution with some level of accuracy. Modeling mutual polarization effects between solute
and solvent molecules in the ground state was found necessary to reproduce the different
features of the absorption spectrum in solution. SCAN-CPMD produces the best agree-

ment on the position of the peaks, while Amoeba produces the best lineshape. We also
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show that the lack of polarization effects in the non-polarizable counterparts in comparison
to PCM, renders them incapable of predicting the unique energy level inversion between
the L, and L, excited states that indole exhibits at emission upon solvation. Although using
the non-polarizable force eld with molecular dynamics did not accurately reproduce the
uorescence spectrum, it portrayed a simple and inexpensive way to overcome many of
the challenges that calculating excited state relaxation in explicit solvent would generally
present. We are optimistic that this study sheds light into the spectra of indole in aque-
ous solution, and provides insight into the important factors involved in modeling solvated
molecules.

Data Availability Statement: The data that support the ndings of this study are avail-
able from the corresponding author upon reasonable request.

Supporting Information Chapter 3 (SIC3): Additional information on methodology,

benchmarking and results can be found in Supporting Information Chapter 3 (SIC3).
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CHAPTER 4

THEORETICAL INVESTIGATION OF POSITIONAL
SUBSTITUTION AND SOLVENT EFFECTS ON N-CYANOINDOLE
FLUORESCENT PROBES

Reprinted (adapted) with permission from Abou-Hatab, S., Matsika, S.,
Theoretical Investigation of Positional Substitution and Solvent Effects on
n-Cyanoindole Fluorescent Probes, J. Phys. Chem. B 2019, 123, 34,
7424—7435;https://doi.org/10.1021/acs.jpcb.9b05961. Copyright 2019 American Chemi-

cal Society.

4.1 Abstract

The absorption and uorescence of indole and n-cyanoindole derivatives are modeled
in gas phase and aqueous solution using high level quantum mechanical methods and im-
plicit solvation. These molecules have been experimentally examined as uorescent probes
for studying the structure, function, and hydration status of proteins, and it is found that
substitution of the cyano group on different positions of indole has diverse effects on the
absorption and uorescence spectra in water solvent. Our calculations predict that in ab-
sorption the I, excited state is lower in energy than thg dtate for all positional isomers
in gas phase and in solution. In uorescence, however, water solvent causes level inver-

sion leading to emission from the lexcited state for indole and n-cyanoindole derivatives
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with the cyano on the six-membered ring. On the other hand, when cyano substitution
is on the ve-membered ring Lis not stabilized enough and emission occurs from the
Ly excited state. In addition, we predict that the relatively high uorescence intensity of
4-cyanoindole in aqueous solution results from minimization of radiationless decay path-
ways since both absorption and uorescence occur from the lowest excited state (unlike the

other derivatives).
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4.2 Introduction

Fluorescence microscopy and spectroscopy are non-invasive techniques commonly
used for visualizing, monitoring and studying the structure, function, and dynamics of
chemical and biological systems.[3, 11, 18, 19, 26, 30, 222] The sensitivity of the photo-
physical properties of the uorophores used in these devices to the local environment is
exploited to optimize signaling and detection.[26, 222] A few natural biological molecules
in living organisms such as aromatic amino acids in proteins can uoresce.[3] As a re-
sult, they are employed as naturally occurring uorophores for studying cell and enzymatic
processes in vivo. Amongst the amino-acids, tryptophan (Trp) is the most widely used
biosensor due to its relatively high uorescence quantum yield and environmental sensi-
tivity. However, its absorption spectrum overlaps with other aromatic amino acids such as
phenylalanine and tyrosine making it dif cult to selectively excite, and it has complex de-
cay kinetics.[3] For these reasons unnatural amino-acid derivatives such as functionalized
tryptophans were explored as potential uorescent probes.

The addition of functional groups is a commonly used technique to tune the uores-
cence intensity and quantum yield of conjugated aromatic chromophores.[67, 68, 74] Novel
cyano-substituted tryptophans have been explored as potential probes for protein structure
and functions. 6 and 7-cyanotryptophan (6-TrpCN and 7-TrpCN) were synthesized and
shown to be much brighter uorescent probes compared to tryptophan.[11] In particular, 6-
TrpCN was used in FRET experiments as a uorescence donor for the study of protein con-
formational events.[11] The exposure of 5-cyanotryptophan (5-TrpCN) [9] and 7-TrpCN
[10] to water was found to signi cantly quench their uorescence making them potential
probes for the local hydration status of proteins. Likewise, the optically active chromophore
of tryptophan, indole, has been explored in the search of optimizing uorescent probes be-

cause it is the active chromophore in Trp. Indole is involved in various bacterial processes
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such as antibiotic resistance, bio Im formation, quorum formation and sensing.[168, 169]
In addition, indole is found in phytohormones that regulate the growth of plants known
as indole auxins, hallucinogenic drugs such as tryptamines, and is a precursor to neuro-
transmitters in the central nervous system such as serotonin.[82, 170] Functionalizing the
different positions of indole rings (see Figure 4.1) with an electron withdrawing group has
been found to tune its absorption and uorescence spectra differently.[8] Substitution of a
cyano group on position 4 was found to have a signi cantly longer uorescence lifetime
and high quantum yield in water solvent relative to other positions of substitution.[7] More-
over, 5, 6, and 7-cyanoindole probes were found to be highly sensitive to the polarity of the
solvent.[7]

To understand the unique behavior of these cyanoindole and cyanotryptophan isomers,
one must closely examine the changes in the electronic structure and photophysical prop-
erties of indole in different media.[171, 174] Indole has two low-lying excited states with

character denotedyland L according to the Platt nomenclature[223]. The absorption

and radiative decay of indole is mainly affected by the dependence of the nature @f the L
and L, excited states on the polarity of the micro-environment.[93, 172, 224] Tistate

of indole is found to have a small dipole moment like that of the ground state with electron
density delocalized across the long-axis of indole (as seen in Figure 4.1). ;Tdwited

state is ionic-like in nature due to its large dipole moment depicted by an electron delo-
calization in the HOMO across the short-axis of the molecule.[174] Thexcited state

is found to be more sensitive to solvents of increasing polarity relative to glexdited
state.[93]

There have been many theoretical studies of indole and its photophysical properties.[66,
172,174, 225, 226] In the Franck Condon region théslfound to be lower in energy than
the L, excited state in all media. The energetic ordering of theahd L, excited states

then changes upon excited state relaxation to fhmiSimum in different media. Indole is
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(a) (b)

Figure 4.1. (a) Schematic diagram of numbered position of substitution on the ring of indole and
the Transition Dipole Moment (TDM) vectors of the two low-lying excited states of indole.

(b) The molecular orbitals responsible for theg€ll. )and (2 ) transitions computed at the
CASSCEF level.

found to uoresce from the §L) in vacuum whereas in aqueous solution, the polar solvent
stabilizes the |, excited state, resulting in its energy being lower than thstate. As seen

in Figure 4.1, the Transition Dipole Moments (TDM) of(l. ) and Ly(2 ) are nearly
orthogonal in vacuum and there is a higher probability of populating tfi2 L ) state

than the I,(1 ). Addition of a weakly electron withdrawing group such as uorine on
different positions of indole has been found to dramatically in uence the orientation of the
TDM, the magnitude of the permanent dipole moment, and consequently/ihenature

of the S minima.[71, 178, 179] As a result, the orientation of the TDM and magnitude of
the permanent electric dipole moment have been used to determine the character, of the S
minima for substituted indoles.

In this present work we will investigate the effect of substitution of a strong electron
withdrawing functional group, cyano, on different positionsf indole (denotedh) using
guantum mechanics and implicit solvation. The work is motivated by the above described
experimental studies, which have examined experimentally the absorption and uorescence
properties of the cyanosubstituted indoles.[7, 8, 10] We aim to explain why the absorption
and uorescence spectra change drastically when varying the position of substitution of

the cyano group on the ring of indole. More speci cally, we want to understand why
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substitution on position 4 of indole has the brightest uorescence in water solvent relative
to substitution on the other carbons of indole. Likewise, studying the substitution of cyano
on positions 5 and 7 of indole may help explain why the uorescence of 5 and 7-TrpCN are

signi cantly quenched as the ratio of water solvent increases.

4.3 Methods

We modeled indole and n-cyanoindole) (uorescent probes by varying the cyano
electron-withdrawing group on the carbons of indole's pyrrole and benzene ring where
n represents the positions of substitution numbered 2 through 7 as seen in Figure 4.1. Ge-
ometry optimization and vibrational frequencies were computed using B3LYP/6-31G(d) in

gas phase to localize the ground state minima.

4.3.0.1 Absorption

We begin our investigation by performing a benchmark study of the absorption and
uorescence of indole with various quantum mechanical methods in order to identify a
reliable method to study the behavior of thesprobes. Four vertical excitation energies
were computed using both single reference and multireference methods. The single ref-
erence methods Equation of Motion Coupled Cluster Singles and Doubles (EOM-CCSD),
and hybrid exchange correlation functional CAM-B3LYP of Density Functional Theory
(DFT) were used with basis set 6-311+G(d) in gas phase. The aug-cc-pVTZ basis set was
also used with EOM-CCSD in calculating the excited states of indole in order to check
the effect of basis set on the excitation energies. Excited state energies require larger and
often more diffuse basis sets compared to ground state geometry optimizations in order
capture the more diffuse wavefunctions. The excited states computed at the EOM-CCSD

level were characterized as, lor L, by performing a Natural Orbital Transition (NTO)
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calculation using Qchemb5.0 software package.[197]

The excited states were also computed at the Complete Active Space Self-Consistent
Field (CASSCF) with the addition of Complete Active Space Perturbation Theory
(CASPT?2) with basis set aug-cc-pVDZ using a (12,11) active space (12 electrons in 11
orbitals) for indole in gas phase. The Dunning basis set was used in this case since these
basis sets are more compatible with CASSCF/CASPT2. The orbitals involved in the active
space are shown in Figure S2 of the Supporting Information Chapter 4 (SIC4). For indole
allthe 9 orbitals were included in the active space. In addition, thed orbitals along
NH were also included, providing an active space of 11 orbitals of which 6 are occupied.
The excited |, and L, states were computed with CASPT2 only in gas phase because the
molpro2015 package[227] does not include an implicit solvation model that is compatible
with this method. Oscillator strengths were computed using the scalar of the square of the
transition dipole moments at the CASSCEF level and the energies calculated at the CASPT2
level of theory.

Similarly, vertical excitations for alh systems from the ground state minima were com-
puted in gas phase with EOM-CCSD/6-311+G(d) and CASPT2/aug-cc-pVDZ. An active
space of (14,13) was used to compute excited statesgovbes. In addition to previously
described orbitals for indole we included two more orbitals (one occupied and one virtual)
to describe the CN substituent. Photophysical properties were computed and analyzed the

same way as described in the benchmark of indole.

4.3.0.2 Fluorescence

Excited state optimizations were performed using CAM-B3LYP and EOM-CCSD with
basis set 6-311+G(d) in gas and aqueous phase. We would like to model indole in gas
phase and solution, and it is known that it emits from two different excited state minima

in the two phases. Since CAM-B3LYP did not give the observgdinimum for indole
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in gas phase it was necessary to perform optimization with EOM-CCSD. Optimization of
the § and S excited states with CAM-B3LYP/6-311+G(d) in gas phase and with implicit
solvation converges to the,lexcited state minimum. Optimization of the State with
EOM-CCSD in gas phase converged to thahinimum for alln except for 4-CNI which
converges to L minimum. Frequency calculations were computationally prohibitive for
EOM-CCSD, so we assume that the converged stationary points are true minima rather than
saddle points. Comparison of the obtained geometries with previously obtained geometries
for indole con rm this assumption. Single point calculations at the gas phase minima (L
minima from CAM-B3LYP and l, minima from EOM-CCSD) were used to calculate the
vertical emission energies. The EOM-CCSD/6-311+G(d) in gas and aqueous phase and

CASPT2/aug-cc-pVDZ in gas phase methods were used for these calculations.

4.3.0.3 Polarizable Continuum Model

Solvation effects for bulk agueous solution were included implicitly with a polariz-
able continuum model (PCM). The Integral Equation Formalism variant of the Polarizable
Continuum Model (IEFPCM) which is the default Self-Consistent Reaction Field (SCRF)
method in the Gaussian package[198] was used.

Based on the Franck-Condon principle the nuclei move much slower than the electrons
because they are more massive, and as a result, upon absorption, the nuclei of the solvent
do not have enough time to respond to the electron density of the excited state while the
electrons of the solvent become polarized based on the excited state density. In continuum
models this is represented by de ning the solvent to have a fast and slow component that
correspond to the motion of the electrons and nuclei respectively. The vertical excited
state energies in solution are thus determined by non-equilibrium solvation where only the
response of the electrons of the solvent is allowed to change with excitation (fast component

de ned by the optical dielectric constant of the solvent).
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Fluorescence occurs at a slower timescale than absorption which allows for the solvent
to reorient its dipoles to the dipole of the solute at its excited state equilibrium geometry.
The energy at the excited state minimum is then computed by using equilibrium solvation
for the excited state. The slow/inertial charges of the solvent reaction eld in equilibrium
with the excited state density are saved and then are kept frozen in a subsequent non-
equilibrium solvation energy calculation of the ground state energy.

For EOM-CCSD/PCM we used the perturbation theory energy (PTES) approach where
only part of the CCSD reduced one particle density matrix is used for the correlation reac-
tion eld.[193-195] The state-speci ¢ solvation approach was used. At the TDDFT level
only non-equilibrium solvation was used within the linear response approach.[228]

The Gaussian package (gaussian 09 and gaussian 16)[196, 198] was used for the DFT
and EOM-CCSD calculations. QChem was used to obtain the dipole moments and NTOs
at the EOM-CCSD/PCM level.[197] MOLPRO was used for the CASSCF and CASPT2

calculations.[227]

4.4 Results

4.4.1 Benchmark

Since indole has been studied extensively, itis used to benchmark the quantum mechan-
ical methods which will later be used to predict the absorption and uorescemceafes-
cent probes. The excitation energies of indole to the two low-lying excitedstates were
computed with single reference methods, EOM-CCSD, Density Functional Theory with
CAM-B3LYP, and multi-reference wavefunction-based methods CASSCF, and CASPT2
in gas phase. The vertical excitation energies were also studied in aqueous solution implic-
itly using PCM. The vertical excitation energies to thgalnd L, excited states are reported

in Table 4.1 at all levels of theory along with the corresponding oscillator strerfgthad

80



the computed electric dipole momentsof indole at the ground state (GS) and excited
states.

To capture the spectroscopic pro le of indole the methods must satisfy four general
observables: (1) The orderofthe 1 and2  excited states at the absorption in vacuum
and water solvent should bg Bnd L, respectively; (2) the character of the brightest ab-
sorbing state in both mediums ig;L(3) the energy gap between the two states is observed
to be 0.5 eV in gas phase and decreases to 0.3 eV upon solvation;[174, 224] and (4) in-
dole uoresces from the lexcited state minimum in gas phase and undergoes energy level
inversion and emits from the,Lstate in aqueous solution.

All of the methods are found to agree with experiment in predicting the order of the
excited states accurately. CAM-B3LYP underestimates the energy gap between the two
excited states by an order of magnitude at the absorption. EOM-CCSD on the other hand,
predicts the gap in vacuum to be 0.49 eV (very close to the experimental value) and in
aqueous solution to be 0.34 eV (again very close to experiment). As expected, CASSCF
overestimate the excited state energies, however, the addition of dynamical second order
perturbation theory corrects this and gives the most accurate prediction of these energetics
in gas phase with a small error of 0.13 eV. The comparison between ADC(2) and ADC(3)
from previous work[172] highlights that correlation energy is very important for the ener-
getics of these states. The excitation energies are best predicted by CASPT2, which predicts
both excitation energies within 0.07 eV of the experimental gas phase energies. The EOM-
CCSD method on the other hand has an error of about 0.5 eV when the 6-311+G)d) basis
set is used. The discrepancy with experiment decreases to about 0.4 eV when the larger
aug-cc-pVTZ basis set is used. It has been shown before in the literature that EOM-CCSD
for electronic excitation energies overestimates their energy by 0.3-0.5 eV.[121, 122, 233]
In addition to basis set effects, other sources of error include the exclusion of triple ex-

citations and lack of vibronic effects. It has also been shown that inclusion of implicit
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solvation model PCM to EOM-CCSD increases the error by an average of 0.2 eV for sol-
vated systems.[122] PCM also includes approximations for the polarization of the solvent
and neglects contributions from special effects such as H-bonding. The error however is
consistent for all systems (systematic) and that is why we are able to obtain correct trends,
as will be discussed later. The difference between the 6-311+G(d) and aug-cc-pVTZ basis
sets is small while the computational cost increases signi cantly when going to aug-cc-
pVTZ, so itis seen that it is not worth using this basis set for all substituents. Since EOM-
CCSD/6-311+G(d) predicts the gap and, as we will see in the next section, all the trends
correctly, it will still be used in this work to lead us to important qualitative conclusions,
especially since we cannot add solvation in the CASPT2 results.

The electrostatic dipole moments, of indole are also investigated in order to study
the effect that water solvent has on the uorescence.ofhe dipole moment of theL
excited state was found to be similar to that of the ground state of indole of approximately
2 D whereas the Lis often referred to as a disguised charge-transfer state due to its large
charge separation re ected by a high dipole moment of 5.4 D.[80, 234] The difference in
the dipole moments for the two excited states is not captured by CAM-B3LYP. EOM-CCSD
is found to predict this property with most accuracy and thus can be a reliable method in
studying the solvation effect on n-cyanoindole probes.

To evaluate the performance of the methods in predicting the uorescence of indole
in gas and aqueous phase, we optimized th@ L ) and Ly(2 ) excited states with
CAM-B3LYP/6-311+G(d). At this level of theory both states optimized to the same S
minimum which was characterized to be andquilibrium geometry based on comparison
with previously published geometries and molecular orbitals. The geometry is given in
SIC4. The inability for CAM-B3LYP to optimize to thegexcited state in gas phase and
predict the dipole moment of the excited states accurately makes it an inadequate method to

study the uorescence of indole with. Optimization of thessate using EOM-CCSD leads
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to a minimum with L character in accordance with experiment. The vertical emission of
indole from the L, minimum and oscillator strength are reported in Table 4.2 at various
levels of theory. In the gas phase EOM-CCSD overestimates the energy of the emission
(at the Ly minimum) by about 0.34 eV whereas CASPT2 underestimates it by 0.16 eV. The
adiabatic energy of theylstate in indole is found at the EOM-CCSD level to be 4.69 eV,
while at the CASPT2 level it is 4.12 eV. Experimentally this energy is found to be 4.37
eV, between the two theoretical values. In agueous solution we only have EOM-CCSD
results which overestimate the emission energy (from theninimum) by 0.7 eV. For the
remaining of this work the absorption and uorescencengfrobes will be studied with

EOM-CCSD and CASPT2.

4.4.2 Absorption
4.4.2.1 Bright Excited State

In order to examine the absorption spectranaferivatives we calculated their excited
states using EOM-CCSD and CASPT2 which were determined to be the best approaches
for indole. We focus the following discussion on the two low-lying states. It should be
mentioned that in indole the Rydberg states have also been found to play an important role
in gas phase. In order to determine their role in the otferstems we also computed them
theoretically, and they are reported in SIC4 (Figure S1, Tables S1-S4). Itis clear from these
results that the Rydberg states are destabilized by CN substitution, and are not expected to
play a role here. So, we continue by only focusing on the states. The energies and
corresponding oscillator strengths of the lowest two states for alh derivatives in the
gas phase are reported in Table 4.3 while results in solution are given in Table 4.4. Both in
gas phase and in aqueous solution the rst excited state heldracter while the second

state has L character. NTOs describing the two states are shown in SIC4 (Figures

S7,S8). Almost in all cases the oscillator strength is higher for thetate (with 4-CNI
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and 7-CNI in aqueous solution notable exceptions), although the ratio of;tloedr Ly,
oscillator strengths changes dramatically between substituted systems. In order to compare
with experiment we usenax Of the experimental spectra reported by Hilaire et al.[8] and
compare with the theoretical state that has the highest oscillator strength. We term this
the bright excited state in the following discussion. However, as mentioned already, in
some cases the oscillator strengths of the land 2  states are close in magnitude and
using the term "bright" is not always the best description since both states have similar

"brightness".

(a) (b)

Figure 4.2. (a) Experimental absorption maxima (black), taken from Ref.[8], and theoretical
bright excitation energies for all positional isomers of cyanoindole in gas and aqueous phase. (b)
Scaled experimental molar extinction coef cients(by setting value of indole equal to the theo-
retical EOM-CCSD/PCM value) and theoretical oscillator strengths of the bright state.

The bright excited state afis plotted in Figure 4.2(a) as a function of position of sub-
stitution of the cyano group in vacuum and aqueous solution. Both methods predict the
bright state to be L(2 ) in gas and aqueous phase except for 4-CNI which is predicted
at the EOM-CCSD/PCM level to absorb more to th€ll ) state in water solvent. 7-

CNI has almost identical oscillator strengths for the two states in solution, although the
oscillator strength for L is slightly higher, so we use this state in Figure 4.2. The qual-

itative comparison with experiment depicted in Figure 4.2 shows that in general theory
predicts the experimental trend. The comparison is particularly good between experiment

and EOM-CCSD/PCM. A more quantitative comparison is attempted with correlation plots
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between theory and experiment, which are shown in SIC4 (Figure S6). The energetics pre-
dicted by coupled cluster correlate more with the experimental results (correlation plots
have arR? = 0:82 for gas phase and 0.85 in PCM) compared to CASPT2's performance
(R? = 0:64).

The energy is red-shifted upon CN substitution for all positions of indole, as observed
experimentally. Strongest shifts are observed for addition of CN on positions 4 and 7 along
the short axis of benzene ring. There are two reasons for the strong red shift in these two
systems. Both Land L, states are red shifted by substitution of the electron donating group
on positions 4 and 7. As has been discussed by Callis[80, 234] this is because of electron
density moving from the ve membered ring to the six membered ring (and especially at
positions 4 and 7) during the transition. The relative intensities of thend L, states are
also affected by substitution however, and for 4-CNI and 7-CNI in solutipbhdcomes
more intense than As a result in these two systems the bright state is even further
redshifted because it now corresponds t@a&@her than &

The oscillator strengths of the bright state computed with various methods are plotted
in Figure 4.2(b) as a function of position of substitution. The experimental molar extinction
coef cient is scaled by setting its value for indole equal to the EOM-CCSD/PCM theoret-
ical oscillator strength and scaling all other values accordingly. The methods reproduce
the experimental trend at least qualitatively. EOM-CCSD reproduces this trend with the
most precision witfR? value around 0.86 in the correlation plots for EOM-CCSD/PCM,
whereas, the oscillator strength computed at the CASPT2 level has a weaker correlation
with the experimental molar extinction coef cient wi? value of 0.73. 2-CNI and 6-CNI
are found to have the highest oscillator strength for theansition. This indicates that the
probability of populating the 4(2 ) excited state should be highest for 2-CNI than all
the other isomers as observed experimentally in aqueous solution by the molar extinction

coef cient. Even though theory predicts 2-CNI to have the highest oscillator strength it
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does not predict it at the same degree as is observed experimentally.

Table 4.3. Vertical excitation energies of thg,(1

pVDZ and EOM-CCSD/6-311+G(d) in gas phase.

) and Ly(2

EOM-CCSD/6-311+G(d)

CASPT2/aug-cc-pVDZ

) states for indole and iso-
mers and their corresponding oscillator strengths in parenthesis computed with CASPT2/aug-cc-

Lp(l ) La(2 ) Lo(1 ) La(2 )
In 4.858 (0.027) 5.344 (0.108) 4.352(0.028) 4.809 (0.086)
2-CNI | 4.684 (0.085) 5.221(0.304) 3.942(0.094) 4.357 (0.290)
3-CNI | 4.910(0.033) 5.318(0.146) 4.382(0.029) 4.665 (0.127)
4-CNI | 4.648 (0.067) 4.858(0.160) 3.970(0.047) 4.186 (0.124)
5-CNI | 4.716 (0.012) 5.153 (0.026) 3.988 (0.015) 4.370 (0.014)
6-CNI | 4.648 (0.024) 5.034 (0.234) 3.998 (0.020) 4.307 (0.295)
7-CNI | 4.577 (0.083) 4.952 (0.126) 4.028 (0.033) 4.233(0.092)

4.4.2.2 |, and Ly states and resulting spectra

A more complete picture of the spectra needs consideration of both excited states. The
two peaks associated with the transitions to the k. and L, excited states are expected to
be present in the absorption spectra of indole and indole derivatives, although they are not
always observed. When the energy gap between the two excited states is small, the second
peak is most likely hidden under the envelop of the broadness of the brighter absorbing
state.

Figure 4.3 shows the simulated spectra calculated using EOM-CCSD/PCM/6-311+G(d)
and superimposed on the experimental ones. The spectra are calculated using the oscillator

strengths and a Lorentzian distribution with linewidth of 0.4 eV. Itis clear that depending on
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Table 4.4. \fertical excitation energies of the,(1

level in aqueous phase using PCM.

) and Ly(2

Lo(l ) La(2 )
In 4.879 (0.024) 5.219 (0.088)
2-CNI | 4.653 (0.092) 5.151 (0.307)
3-CNI | 4.949 (0.028)| 5.265 (0.153)
4-CNI | 4.523 (0.145) 4.717 (0.072)
5-CNI | 4.700 (0.008) 4.946 (0.025)
6-CNI | 4.560 (0.057) 4.893 (0.188)
7-CNI | 4.510 (0.098) 4.756 (0.092)

) states for indole and iso-
mers and their corresponding oscillator strengths in parenthesis at the EOM-CCSD/6-311+G(d)

the gap between the two states and their relative oscillator strengths the shape of the spectra
changes. In 2-CNlI, 6-CNI and Indole the separation is large enough that a shoulder is clear
in the theoretical and experimental spectra. Experimentally, the spectrum of 6-CNI shows
the clearest separation of the peaks. Theoretically, 2-CNI has the largest separation. The
theoretical spectrum of 7-CNI shows two peaks with almost the same oscillator strengths,
and this leads to the asymmetry observed experimentally in the absorption peak. So the
experimental spectrum in this case con rms our prediction that tretee absorbs more in
solution. On the other hand, the calculated 4-CNI spectrum does not show the second peak
since the two states are closer in energy. Overall the calculated spectra are in good, although
not perfect, agreement with experiment. The gas phase simulated spectra superimposed on
the experimental ones are shown in SIC4 (Figure S3), and their shape does not agree as
well with the experimental spectra. This highlights that the solvent is important for the
spectra.

Indole and 6-CNI have two distinguishable peaks at the absorption spectrum in aque-

ous solution associated with the large separation betweenthad_L;, electronic excited
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Figure 4.3. Absorption spectra of indole and in aqueous solution computed at the EOM-
CCSD/PCM/6-311+G(d) level simulated by mapping the excitation of thend L, excited states

to a Lorentzian distribution with linewidth of 0.4 eV (dotted line). The oscillator strength of the
bright state is scaled to the molar extinction coef cient of the molecule and the energies are con-
verted to wavelengths, and shifted to the experimentally measured absorption maximum in water
solvent (black solid line). The position of each of the two peaks for the absorption tq HredlL,

excited states is represented by solid black vertical line to the peak maximum. Experimental spectra
are taken from Ref.[8]

states, and they can be used to benchmark our theory in a more quantitative way. We use
these two as a ruler for the performance of the methods in accurately predicting/the L
gap. The energy gap between thgl. ) and L,(2 ) states computed at the EOM-
CCSD/6-311+G(d), EOM-CCSD/PCM/6-311+G(d) and CASPT2/aug-cc-pVDZ level of
theory are plotted in SIC4 (Figure S4) as a function of position of substitution of the cyano
group. Theory is found to predict the energy gap of indole and 6-CNI reasonably well. The

gap is found to be larger for substitution on positions 2 (about 0.5 eV) and smallest ( 0.2
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eV) when the cyano group is substituted on position 4 of indole.

4.4.2.3 Transition Dipole Moments

Figure 4.4. TDM vectors of the L, and Ly, excited states with respect to the inertia a-axis vector,
a, computed at EOM-CCSD/6-311+G(d) level in gas phase

The orientation of the transition dipole moment vectors is important in identifying the
character of excited states experimentally. So, it is important to examine how it is affected
by CN substitution. In addition we can compare our results to the experimental studies
when possible. The transition dipole moment (TDM) vectors for thikJexcited states
computed at the EOM-CCSD/6-311+G(d) level are shown in Figure 4.4 while the vectors

computed at the CASSCF level are shown in SIC4 (Figure S13). The results are similar
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between the two methods. The magnitude of the TDM vectors for fHg, lexcited states

and TDM angle measured from their respective inertia a-axis, are tabulated in the SIC4.
The angle for the excitation to the j.and L electronic state of indole is computed

to be +39 and 43 at the EOM-CCSD level, respectively, in good agreement with the

experimentally reported dipole directions of £4&hd -46.[70] The direction of the TDM

has been measured experimentally in the gas phase for 3-CNI and 5-CNI.[235, 236] The

angle of the transition dipole moment vector with the main inertial a-axis in 3-CNl is found

to be 15.8.[235] In our calculations we nd a value @18 for the L, state and/1° for

the L, state at the EOM-CCSD level. These values chand@® amd74° at the respective

minima of these states (which is more relevant to what is measured experimentally). The

computed value of j.agrees better with experiment, enabling identi cation of the observed

state as L. For 5-CNI the experimental value i§[236] while our calculations showg

for L, and8%° for L,. The experimentally observed minimum corresponds to what we

assign as thedstate. It should be noted that our assignment is based on the NTOs and as a

result the TDMs have rotated signi cantly when compared to the ones in indole. Ref.[236]

assigns this state to,l.although we are describing the same state. Both the NTOs and the

TDMs can change signi cantly by substitution, so we think it may not be as appropriate to

use the strict notation ofLand L, states for the substituted systems. We will discuss this

in the next section as well. Addition of the cyano group rotates the TDM of the states. The

changes are more signi cant for substitution of CN on the six-membered ring.

4.4.3 Fluorescence

We now focus on uorescence properties. The geometries of thand L, minima
are shown in SIC4 (Figures S19, S20 and Tables S14, S15). The distortions are similar
for all n molecules. The L. geometry is less distorted from the ground state geometry.

The ve membered ring does not change much while the six membered ring expands in
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(a) (b)

Figure 4.5. (a) Vertical emission energies computed at the EOM-CCSD/6-311+G(d) level in gas
and aqueous solution (using PCM) and CASPT2/aug-cc-pVDZ in gas phase, and (b) correspond-
ing oscillator strengths. All gas phase results are computed atgth@nimum, while for EOM-
CCSD/PCM results thedminimum is used for 2-CNI and 3-CNI and thg minimum for all other
systems. Experimental values are taken from Ref.[8].

general. The . minimum geometry shows larger distortions, and the single-double bonds

in general alternate from the ones in the ground state, i.e. single bonds become double and
vice versa.

The energy of the Sstate is lower at the J.minimum for all molecules in the gas
phase (except 4-CNI which does not have gmiinimum). This is shown in the adiabatic
energies calculated for both geometries and shown in SIC4 (Table S10). So we assign L
as the global minimum on;Sand calculate emission from there at the EOM-CCSD and
CASPT2 levels of theory. In the case of 4-CNI thg minimum is used. The vertical
emission energies af are plotted in Figure 4.5(a) as a function of position of substitution
of the CN group.

There is limited experimental information on gas phase uorescence of the cyano sub-
stituted indoles. It is known that indole and 3-CNI uoresce from thestate[235] while
a rotationally resolved spectroscopy study found that 5-CNI emits freii286] In our
calculations all optimized minima at EOM-CCSD except 4-CNI hayeharacter, while
for 4-CNI the character is L. This comparison indicates that we disagree with experiment

on the minimum of the 5-CNI chromophore. However, as discussed in Section on TDMs,
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upon inspection of the properties reported experimentally we believe that we actually agree
on the minimum. It appears that the difference is in how we lahehnd L, states. We
make our assignment based on the NTOs and how well they match the corresponding or-
bitals in indole. In Ref.[236] molecular orbitals were used instead of NTOs, but there was
very strong mixing between the con gurations, so the molecular orbitals cannot clearly
identify the states. The origins reported experimentally for 3-CNI and 5-CNI are 4.38 eV
and 4.29 eV respectively[235, 236]. The values that we obtain theoretically are 4.73 eV
and 4.59 eV, respectively at the EOM-CCSD level, which are both blueshifted by 0.38 eV
compared to experiment. The CASPT2 values are 4.14 eV and 4.49 eV for 3-CNI and
5-CNI, closer to experiment but with the trend being reversed (i.e. the adiabatic energy for
3-CNl is predicted to be lower than that of 5-CNI).

For the solvated calculations in order to determine whether the minimum @ L,
we did single point calculations using EOM-CCSD/PCM at thegeometries obtained
from gas phase EOM-CCSD and at thedeometries obtained with TDDFT. The lowest
S, energy at these geometries again was assigned as tflelfal minimum. The energies
in Hartree for $ at the two minima are shown in SIC4 (Table S9). These results indicate
that indole, 2-CNI and 3-CNI have an, minimum while all the other molecules haveg L
minimum in solution. The energy difference betwegralnd L, for indole however is very
small (less than 0.05 eV), while it is known experimentally that indole emits frgmir
order to address this discrepancy we performed an additional optimization for indole at
the EOM-CCSD/PCM level and proved that Is indeed the lowest energy minimum. In
summary, all uorescence properties in solution discussed from now on use, timénl-
mum for 2-CNI and 3-CNI and theLminimum for all other chromophores. Fluorescence
properties in gas phase use thgnhinimum in all cases.

Figure 4.5a, which compares the theoretical emission energies to experimggtal

for uorescence, makes it obvious that the solvation effect is much more important in
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uorescence compared to absorption, since the gas phase results show poor correlation with
experiment while the solvated ones show very good correlation. This is primarily because
of the different character of the minima. A correlation plot with experiment gives a value
of R? = 0:98 for EOM-CCSD/PCM, indicating an impressive correlation. This highlights
the importance of the solvent in reproducing the experimental trends. The emission is
blue shifted for 3-CNI and red-shifted for all other n-cyanoindoles in agreement with the
experimental emission spectra. The largest red shift is observed for 4-CNI and 7-CNl, in
agreement with experiment. Experimentally it has also been speculated that 3-CNI emits
from the L, state since its emission shows very limited dependence on solvent.[8] Our
results con rm that indeed 3-CNI emits fromyLalthough we nd that 2-CNI also emits

from L.

The corresponding oscillator strengths are compared to the measured uorescence in-
tensity of the probes in water solvent in Figure 4.5(b). As we would have expected using
only the radiative oscillator strengths from our calculations is not suf cient to reproduce the
experimental trends quantitatively. This is because there are many other competitive radia-
tionless processes that are likely occuring as well, so the radiative intensities do not provide
the whole picture. The calculations predict that 6-CNI would have the most intense uores-
cence while experimentally 4-CNI is much more intense than all other chromophores. In
the discussion we will discuss how we can explain the 4-CNI strong emission qualitatively.

The TDMs and NTOs of the excited states at the minima are reported in SIC4. It is
interesting to observe that often the TDM vectors have rotated signi cant compared to
their orientation at absorption. This is especially true at theninima which differ more
from the ground state minima. Also, the angle between trenl S TDM vectors changes
indicating some mixing between what is initially identi ed as a pugedr L, state. For
example, for indole at absorption the angle between the TDM,@frd L, is 83, making

them almost perpendicular, while at thg minimum this angle is only 27 The NTOs
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re ect similar changes in the character of the wavefunction when going from absorption to

emission.

4.4.4 Solvation Effects

Some of the cyano derivatives we are studying here are strongly in uenced by solvation
effects. A question that we would like to address is how much of this effect is reproduced by
the simple PCM solvation model employed in the current calculations. The solvatochromic
shift predicted by the PCM model depends speci cally on the electrostatic interactions
between the solvent and the difference of the dipole moments between the excited and
ground state. This correlation is shown in Figure 4.6. The dipole moment difference is
larger for the |l state compared to theylstate, so all the solvatochromic shifts fog L
are larger. For the L state, furthermore, the dipole moment difference is higher for 5-
CNI, 6-CNI, and 7-CNI while it is the smallest for 2-CNI and 3-CNI. As expected the
solvatochromic shifts follow the same pattern, and the larger shifts seen in 5-CNI and 7-
CNI (0.2 eV).

Solvatochromic shifts for emission are larger since there is enough time for both the
electronic and nuclear degrees of freedom of the solvent to respond to the electron density
of the excited state. These are shown in Figure 4.6¢. The largest solvatochromic shift is for

7-CNI, which in this case is about 0.8 eV.

445 Stokes Shift

There are no detailed experimental data to compare the calculated solvatochromic
shifts, so it is hard to access the accuracy of the PCM model. On the other hand, there
are Stokes shifts reported for all derivatives, and we can use that quantity to examine how
well our model reproduces it. The Stokes shift includes contributions from both the vibra-

tional relaxation and the solvatochromic shift.
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(a) (b)

(c)

Figure 4.6. Solvatochromic shift in the absorption to the (g(L ) and (b) L,(2 ) excited
states correlated with the difference in dipole momentbetween the excited statg and ground
state g computed in aqueous solution at the EOM-CCSD/6-311+G(d) level. (c) Solvatochromic
shift in the emission of Ind and 4-CNI to 7-CNI from lexcited state and of 2-CNI and 3-CNI from
the L, excited state at the EOM-CCSD/6-311+G(d) level plotted with the corresponding dipole
moments difference computed at the absorption in aqueous solution.

Figure 4.7 shows the calculated Stokes shift for each chromophore in comparison to
the experimental Stokes shift from Ref.[8]. The gas phase, as well as, PCM results are
shown. Similarly to the uorescence results, the agreement is much better between the
EOM-CCSD/PCM results and experiment compared to the gas phase calculations, and this
is expected since the solvatochrmic shift is missing in the gas phase results. The different
minima for uorescence also exaggerate the solvent effect. The Stokes shift is larger for
the 4,5,6,7-CNI systems which uoresce from thg d¢tate, and it is smaller for 2,3-CNI
which uoresce from ly in solution.

It should also be pointed out that the simple PCM model is suf cient to reproduce

the basic trends observed experimentally in the Stokes shifts almost quantitatively. The
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largest deviation from the experiment values is 0.2 eV (much smaller than the errors seen
in absorption and emission) while in some cases the theoretical results match exactly the
experiment. This indicates that an explicit solvent is not necessary for reproducing these
shifts. It is also possible that the effects are the same in absorption and emission, so they
cancel out when taking the difference in the Stokes shift. Below we will discuss which

properties seem to require explicit solvation.

Figure 4.7. Stokes shift trend for cyanoindole uorescent probes predicted at different levels of
theory against the experimental Stokes shift (from Ref.[8])

45 Discussion

Figure 4.8 summarizes our ndings for thesystems in solution, and provides a rational
explanation for the strong emission observed in 4-CNI. For all systems at absorption the
rst excited state is k, while the second isl. The L, state is usually much brighter than
the L, and in these cases the systems absorb mostly(kg 5 The main exception is 4-CNI
where § is more intense than,SThe result is that for all chromophores but 4-CNI there
has to be internal conversion from ® S, and uorescence will occur from Saccording

to Kasha's rule. During relaxation from, $0 S, additional radiationless decay pathways
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(a) (b) (c)

Figure 4.8. Radiative emission paradigms ofin aqueous solution. Cartoons represent the fol-
lowing systems: (a) 2-CNI and 3-CNI (b) Indole, 5-CNI, 6-CNl, (c) 4-CNI. 7-CNl is represented
by both (b) and (c).
may be accessed leading to uorescence quenching. In 4-CNI however both absorption and
uorescence occur from§see Figure 4.8c) making this a much more ef cient process and
minimizing radiationless decay. This we believe is a main reason 4-CNI has a more intense
uorescence compared to the other chromophores.

7-CNI needs special consideration as well. This molecule absorbs to bahdSS
almost equally in aqueous solution according to our calculations. According to the previous
discussion on 4-CNI we would expect the emission intensity of 7-CNI to also be enhanced.
This however is not observed experimentally. A reason may be that since it absorbs equally
to S and S there are some radiationless pathways accessible here which are not accessible
in 4-CNI. Furthermore, 7-CNI has a strong solvent dependence, and there may be specic
interactions with the solvent that quench some of the uorescence.

The current discussion on the 4,7-CNI uorescence properties is based on our studies

which include information on PES and radiative rates, but not radiationless rates. Further
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studies, and particular conical intersection information and dynamical studies, are needed
to prove our assumptions.

In 2-CNI and 3-CNI in aqueous solution the minimum onh&s L, character (cartoon
shown in Figure 4.8a) while for all the other chromophores it hagharacter (cartoon
shown in Figure 4.8b). Sincglis not as bright as12-CNI and 3-CNI are expected to have
a weaker radiative emission. The experimental spectra show that these two chromophores
have the weakest emission, in agreement with our results.

In the experimental uorescence spectra the probe with the third weakest emission is
5-CNI. According to our results the oscillator strength of thesfate in this molecule is
much smaller than all the other probes, and this indicates that the radiative component in
this molecule is also responsible for the weak emission.

The PCM calculations reproduce the energetics of absorption and emission quite well.
The trends seen experimentally for absorption maxima, emission maxima, and Stokes shifts
are all reproduced in these calculations. On the other hand, the experimental intensities for
uorescence are not reproduced by the calculations. Our results show that the radiative in-
tensity for uorescence for 4-CNI and 6,7-CNI are very similar, but experimentally 4-CNI
uoresces much stronger than the others. Furthermore, the intensity of 5-CNI and 7-CNI is
very sensitive to the solvent. This behavior indicates that there are speci c, e.g. H-bonding,
interactions between the solute and solvent that are responsible for this sensitivity, and our
calculations cannot reproduce them. The effect of hydrogen bonding on the uorescence
intensity of 5-CNI, 6-CNI, and 7-CNI has been seen experimentally in studies where protic
and aprotic solvents were used.[8] Modeling using explicit solvent is needed to reproduce
these effects, and we plan to carry out such calculations in the future. The current work
however highlights the cases where speci c interactions are responsible and the ones that
do not seem to be affected by these interactions.

The situation in the gas phase is best depicted by cartoon (a) in Figure 4.8 which shows
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emission from l,. Exception once again is 4-CNI which emits froadnd is best described

by cartoon (b). What is worth noting is that the photophysics in the gas phase in all of
these systems is quite different from the photophysics in aqueous solution, and studies
in the gas phase are insuf cient to produce, even qualitatively, the behavior in solution.
The character of the emitting state inverts upon solvation, leading to the observed solvent
dependence. Describing theoretically the relative stability betwgesmtd L, minima is

very challenging.

4.6 Conclusion

The absorption and uorescence for indole andere modeled in gas phase and aque-
ous solution using high level quantum mechanical methods. The trends in the experimental
spectra are reproduced very well. We propose a rational paradigm explaining the effect
of positional substitution of electron withdrawing cyano group on the absorption and u-
orescence of these uorescent probes. We provide new information about baiidLL,
states and the gap between them. Deviations in computational results using the implicit
solvation model from experimental uorescence intensities suggest the involvement of in-
termolecular interactions between the probes and polar solvent (e.g. H-bonding) and/or the
involvement of radiationless decay pathways. Explicit solvation and non-radiative decay
pathways are needed to fully capture the uorescence of probes that are found to have high
solvent dependence.

Supporting Information Chapter 4 (SIC4): Excitation energies at all levels of theory;
spectra at the CASPT2 level; orbitals; correlation plots; additional information on transition

dipole moments and dipole moments, and cartesian coordinates.
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CHAPTER 5

NON-RADIATIVE DECAY PATHWAYS OF N-CYANOINDOLE
FLUORESCENT PROBES IN AQUEOUS SOLUTION

51 Abstract

The sensitivity of the uorescence propertieseéyanoindole (CNI) uorescent probes
to the microenvironment makes them potential reporters of protein conformation and hy-
dration. The uorescence intensity of 5-, 6-, and 7-CNI was found to be quenched when
exposed to water solvent whereas substitution on position 4 of indoles dramatically in-
creased. In preliminary studies, we have seen that the uorescence intensity of indole
is quenched in aqueous solution and ammonia solvent via radiationless decay through a
Si( )/S conical intersection (Cl) when excited state proton transfer (ESPT) or hydro-
gen transfer (ESHT) to the solvent molecules takes place. In this study we unravel this
uorescence quenching mechanism along the N-H bond stretahcgnoindole (-CNI)
probes using water cluster models quantum mechanically. We ndrH@ill-(H,0); »
clusters form cyclic or non-cyclic excimers via hydrogen bonds which lead to different
photochemical reaction paths that can potentially quench the uorescence by undergoing
internal conversion from Sto . However, the existence of a high energy barrier along
the potential energy surface (PES) of thestate prevents this from occurring. We show
that substitution on position 4, and formation of cyclic clusters leads to large energy barri-

ers that prevents the uorophores from accessing these non-radiative channels. Thus, the
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distinction in their uorescence response depends on the non-radiative processes that take
place as the molecule goes from absorption to emission and whether they emit from the
bright L, or dim L, state. We also found that the energy barrier in th@fSnon-cyclic
5-CNI-(H,0O); , excimer complexes decreases as the number of water molecules increase,
which suggests that in aqueous solution the PES of tlveo8Id be barrierless and ultrafast
decayviaad /S Clwould quench the uorescence. Understanding how the modula-
tion of the molecular structure of the uorescent probes can tune the energy barrier in the
S, and the solvation effects on the radiative pathway, together can be used to design probes

with the desired uorescence properties in solvated biological systems.

52 Introduction

Aromatic amino acids are natural uorophores in proteins that are commonly used in
various technologies for imaging and monitoring of biological structures and dynamics.[1-
11, 18-20] Analogues of Tryptophan and its chromophore indole are extensively used in
uorescence imaging of biological systems due to the sensitivity of their uorescence prop-
erties to change in the local environment.[7-10, 32, 34, 40, 57, 80-89, 91-96, 181, 232]
The radiative and non-radiative decay pathways of the parent chromophore indole have
been widely studied in gas phase and in solutions with varying polarities and acidities.[42,
44, 66, 80, 98, 172-174, 182, 184, 185, 229, 231, 232, 234, 237] It is widely accepted
that the solvent polarity is responsible for the change in emission maximum wavelength of
indole and its various functionalized analogues, primarily due to differences in the dipole
moment of the two low-lying electronically excited transitions, known as the, and
L, states (Figure 5.1).[42, 80, 82, 86, 87, 89, 92, 98, 171-176, 181, 182, 184-187, 214,
229, 231, 232, 234] In the case of cyano substituted indoles, it was found that bright uo-

rescence is observed when emission takes place from thelposaate, while the cyanoin-
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Figure 5.1. lllustration of the different positions on the bicyclic rings of indofg,that can be
functionalized is depicted on the left and the and states involved in its radiative and non-
radaitive decay pathways is depicted on the right
doles (CNI) are weakly uorescent when emission takes place from the nonippsiate,
and the relative stability of these states depends on the polarity of the solvent.[98] On the
other hand, the substituent and local environment effects on the non-radiative decay path-
ways of these indole derivatives have not been as extensively studied or understood. For
indole the uorescence intensity is found to be quenched by the involvement of many non-
radiative pathways including solvent effects, excited state proton transfer (ESPT), excited
state hydrogen atom transfer (ESHT), Forster Resonance Energy Transfer (FRET), and ex-
cited state charge transfer (ESCT) mechanisms.[41, 43, 44, 49, 81, 185]

Gas phase studies have shown that excitation above thstates promotes population
to the Rydberg  state. This Rydberg state (depicted in Figure 1) dissociates along
the N-H stretch coordinate and thus mediates N-H ssion in indole and the ejection of a
hydrogen atom.[43, 185] In solution, the polar solvent stabilizes thestate such that

it is now in close energetic proximity to the strongly emitting( S ) state and forms a
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conical intersection (Cl) with the electronic ground stajg43, 185] Radiationless decay
via this §( )/Sy Cl causes uorescence quenching and a decrease in the uorescence
guantum yield as ESHT from the amino of indole to the hydrogen bonding (HB) solvent
molecule takes place.[43, 184, 185] Experimental and theoretical studies of indole and
other aromatic chromophores with water clusters have found that ESHT and ESPT results
in large emission Stokes's shift and is characterized by an ultrashort uorescence lifetime
[50]. This acid-base photochemistry has also been observed in the parent probe tryptophan,
other aromatic amino acids, and nucleic acids in polar protic solvents.[39, 44, 47, 238-241]

The uorescence intensity, lifetime, and Stokes' shifteCNI probes, were found to
be largely and diversely dependent on the position of substitution of the cyano group on
indoles rings 1) and water solvent.[7] The uorescence intensity is quenched when cyano
substitution occurs on the six-membered ring (5-, 6-, 7-CNI) of the bicyclic assembly,
with the exception of 4-CNI, which undergoes signi cant uorescence enhancement.[7—
11] Static and time-resolved uorescence measurements have shown that the uorescence
properties of 5-CNI and 5-cyanotryptophan (5-CNTrp) are sensitive to changes in solvent
polarity.[9] The Fluorescence quantum yield of 5-CNTrp decreases from 0.11 to 0.01 when
the solvent environment changes from 1,4-dioxane 40 H.ikewise, its lifetime rate de-
creases from 6.0 ns in 1,4-dioxane to 0.4 ns y®OHrespectively. In-turn, the uorescence
intensity becomes quenched upon hydration as the excited state non-radiative decay rate
increases substantially. Similarly, for 5-CNI, an increase in Stokes's shift and drastic de-
crease in the uorescence intensity is observed as the solvent changes from 1,4-dioxane to
water solvent.[9]

This solvent-dependence of the uorescence is also observed in 7-CNI. Studies using
scattering methods have shown structural difference in 7-CNI dissolved in various ratios
of organic-water binary mixtures that indicated the uorescence intensity is sensitive to

the formation of solvent clusters.[10] In addition, uorescence measurements from Hilaire
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et al.[8] results showed that the uorescence lifetime of 7-CNI decreases from 14.5 ns to
2.0 ns when the probe is in dimethyl sulfoxide, a polar aprotic solvent to water, a pro-
tic and more polar solvent. Furthermore, the uorescence intensity of 7-CNI uorescent
probe was found to decrease as the number of water molecules increased.[9, 10] The low
guantum yield and uorescence lifetime of these CNI uorescent probes in aqueous solu-
tion is indicative of the existence of non-radiative pathways that quenches the uorescence
intensity.

Modeling the absorption and uorescencems€NI using high level quantum chemical
calculations and polarizable continuum model in our previous study provided an explana-
tion as to why the uorescence intensity of 4-CNI is enhanced while others are quenched.
However, while the energetics were consistent with experimental observables, the trend
in the relative uorescence intensity was not reproduced.[98] In addition, the energy level
switching between theland L, state at emission does not explain why the<eNI probes
exhibit short uorescence lifetime and low quantum yield in agueous solution. It is clear
that other uorescence quenching mechanism are involved. In this study we model and
explain the effect of position substitution on the non-radiative decay pathways and the sol-
vent dependence of the uorescence properties of tineS&ll probes by computing the
potential energy surface (PES) of the ground and excited states of ofGhg-(H,0); »
clusters quantum mechanically along the dissociative N-H bond where hydrogen/proton

transfer from the probes to the water solvents would take place.

53 Methods

The non-radiative decay pathwaysmENI probes in solution were examined by com-
puting the electronic PES along the N-H bond stretch coordinateii-(H,O),, clusters

guantum mechanically, where the position of substitution on indolesmirsg?-7, and the
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number of water molecules HB to the probe(a),is 1 or 2. In then-CNI-(H,0); clusters,
the water molecule is HB to the proton donating amino group of indole and in-@l-
(H20), cluster, a second water molecule is simultaneously HB to the proton accepting

cyano group of the probe.

5.3.1 The Starting Point: Emission

In order to study how the uorescence intensityreCNI probes is quenched, we start
by modeling the emission. We obtain the f8inimum geometry of each-CNI-(H,0),
cluster where the calculated character of the emitting state in solution corresponds to that
which is measured by experiment. TherSinimum energy geometry was found to be sen-
sitive to the method and basis set being used. Teae of then-CNI-(H,0),, complexes
was primarily optimized at the TD-CAM-B3LYP/6-311++G(d) level of theory, except for
Ind-(H,0O); and 3-CNI-(HO); , which was optimized at the CAM-B3LYP/6-311+G(d)
and CC2/aug-cc-pVDZ levels of theory, respectively. The reason for the difference in the
levels of theory for the latter two systems is that the TD-CAM-B3LYP/6-311++G(d) re-
sulted in an incorrect state character of the emitting state which does not correspond to
experimental measurements that are complemented by other theoretical calculations.
Experimental measurements of the induced dipole moment the using Stark effect and
theoretical calculations for indole-water cluster and implicit solvation models have reported
that uorescence occurs from the polar excitegdtate.[98, 172, 182] On the other hand,
combined Franck-Condon and rotational constants tting of 2-CNIE§H cluster[242]
and rotationally resolved electronic spectroscopy of 3-CNj&} cluster[243] reported
that they emit from the L) state. Since the uorescence properties of the 2- and 3-
CNI probes were not found to be sensitive to amount of water solvent as was seen in 5-
and 7-CNI probes, we assume that ther@nimum of the probes HB with two water

clusters are alsod. Similar to indole-water complex, electronic and vibrational jet-cooled

107



spectroscopic studies complemented by theoretical calcualtions reported that the character
of the emitting state of isolated 5CNI—£B), , clusters is |,.[244] In the case of the 4-,

6-, and 7-CNI-(HO),, clusters, no experimental studies have been done that characterizes
the § minimum in solution or with water clusters. As a result we rely on predictions from
our previous study using high level quantum mechanics calculations and implicit solvation

model,[98] and assume that the probe-water clusters emit from the same state.

5.3.2 Potential Energy Surfaces

Starting from the § minimum geometry, constraint optimizations of the é&cited
state along the dissociative N-H bond coordinate were performed, where N-H bond dis-
tances were displaced by increments of 0.1 A xed, and all other nuclear coordinates
allowed to relax to their respective CAM-B3LYP/6-311++G(d) minima. Grimme's Dis-
persion (D3) correction was applied to these TDDFT calculations. The PES of the probe-
water clusters were obtained at a higher level of theory by performing single point excited
state calculation at each converged geometry at the various N-H bond distances of the
Ind-(H,0O); andn-CNI-(H,O), ; clusters at the EOM-CCSD level of theory with the 6-
311+G(d) and 6-311++G(d) basis sets, respectively. Although it is well known that single
reference methods poorly describe regions where ghen8 S energies of con guration
space are close, we use the EOM-CCSD method cautiously to get a qualitative description
of how the energy gap between the &d $ changes as we stretch the N-H bond. Nat-
ural Transition Orbitals (NTO) were computed to characterize the excited states for each
probe-water complex at the EOM-CCSD/6-311++G(d) level of theory. Moreover, ChelpG
charges were computed for geometries of 2-CNI@H , and (5-7)-CNI-(HO),, com-
plexes at the EOM-CCSD/6-311+G(d) level to assess if ESCT takes place. In order to test
the accuracy of the geometries obtained at the CAM-B3LYP level, additional optimizations

were performed at the ADC(2)/aug-cc-pVDZ followed by single point calculation of the
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excited states at the EOM-CCSD level of theory for comparison.

Likewise, the accuracy of the qualitative potential energy pro les predicted by EOM-
CCSD is tested by reproducing the PES of these clusters at the CASSCF/aug-cc-pVDZ
level of theory. An active space of (12 e-,11 orbitals) was used for In@jHclus-
ter and (14 e-, 13 orbitals) for the-CNI-(H,O), clusters respectively, except for 7-
CNI. Efforts that were made to generate the PES of 7-CNIJH , clusters at the
CASSCF(14,13)/aug-cc-pVDZ level of theory were not successful because it was dif cult
to get the correct orbitals in the active space. A conical intersection search was performed
using the CASSCF(14,13) and the contracted aug-Seg-pc-0 basis set for 5CNI starting
from a geometry where the N-H distance is 1.52 A. We used the contracted segmented
aug-Seg-pc-0 basis set because the aug-cc-pVDZ basis set did not work when trying to
located the CI. The orbitals in the active space of each excimer complex are depicted in
gures S3, S9, S13, S17, S22, and S32 of the Supporting Information Chapter 5 (SIC5). In
addition, CASPT2(14,13)/aug-cc-pVDZ calculations were performed on la@)Hand
4-CNI-(H,0), clusters to account for dynamic electronic correlation and obtain the correct

excited state energetic ordering.

5.3.3 Bulk Solvation Effects

The PES of a select probe-water clusters were performed with an implicit solvation
model, i.e. the Polarizable Continuum Model (PCM)[131], to evaluate how the electro-
static effects from the bulk properties of the solvent impact the potential energies of the
electronic states and how the long range solute-solvent interactions affects the stability
of the geometries during the excited state hydrogen/proton transfer process. This is done
in two ways: (1) We study the long-range electrostatic effects on the potential energy of
the electronic states by performing single point excited state calculations on geometries

of the isolated 7-CNI-(kIO), , clusters using EOM-CCSD/6-311++G(d) and the Linear-
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response and non-equilibrium approach of PCM. In this approach, solvent relaxation is not
considered and the probe experiences polarization from the fast electronic component of the
solvent.(2) To assess the latter, the effect on the geometries, the state-speci ¢ and equilib-
rium approach was used. In this approach, constraint optimizations of the exciséat&s
along the N-H bond stretch of 7-CNI-{@), are also performed at the CAM-B3LYP/6-
311++G(d) level of theory with PCM. Optimizing with PCM and using a state-speci ¢
approach allows for solvent to undergo relaxation and the electronic density of the solvent
to equilibrate with that of the excited state of the probe. Thus, the solute is polarized and
in uenced by both the fast electronic and slow nuclear component of the solvent.
Geometry optimization and vibrational frequencies calculations using the CAM-
B3LYP[129] method were performed on Gaussian 16[198] and using the ADC2 and
CC2[109, 110] methods in TURBOMOLE V6.5[245]. The single point excited state calcu-
lations of these optimized geometries at the EOM-CCSD[111] and CASSCF/CASPT2[104,

112] levels were performed in Qchem 5.3 [197] and Molpro 2021.1,[227] respectively.

5.3.4 Molecular Dynamics Simulation

To assess the site speci city and number of watgOHHB at those sites, Classical
Molecular Dynamics simulations of the varionsCNI probes in aqueous solution were
performed. We simulate the probes in aqueous solution in the ground and excited states us-
ing non-polarizable force eld and SPC water model. The box sizes and number of water
molecules used par-CNI probe are reported in Table S7 in the SIC5. The Coulomb in-
teractions involving the chromophores at either absorption or emission are described using
electrostatic charges of the ground, & second excited state at absorptiof{Lg), respec-
tively, of then-CNI monomer in gas phase computed at the ground state minimum using
ChelpG[200] at the EOM-CCSD/6-311+G(d) level of theory. This treatment is similar to

that used to simulate the optical spectra of indole in ref [97], to model the excited states in
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aqueous solution. The,&.,) state is used since it has a large dipole moment compared to
the S(Lp) state. 10 ns MD simulations with a 2 fs time step of each solvat€dl| probe
were produced on Gromacs 2020[199]. Conditions of the MD simulation such as PBC,

NVT/NPT Equilibration are similar to the details described in ref [97].

54 Results

The uorescence intensities of 5-, 6-, and 7-CNI were found to become quenched when
dissolved in aqueous solution and exhibited low uorescence lifetime and quantum yield,
where as substitution on position 4 was found to increase the uorescence intensity, life-
time, and quantum yield.[7-10] It is not clear why the uorescence properties of some
positional CNI isomers are sensitive to water solvent while others are not. To understand
this we investigate the uorescence quenching mechanisms involved in these probes by
modeling the non-radiative decay pathwaysdINI-(H,O),, along the N-H bond coordi-
nate quantum mechanically.

We start from the Sminimum where emission takes place. We found that optimization
of the electronically excited;State of then-CNI-(H,0); », complexes resulted in the for-
mation of cyclic and non-cyclic probe-water excimer structures portrayed in Figure 5.2(a)
and (b) respectively. The cyclic structure is formed when the amino groupGil is
bridged by the HB network of waters to the cyano group.

We resolved the non-radiative decay pathways that can potentially quench the uores-
cence intensity of these probes by computing the PES of the ground and excited states of
the n-CNI-(H,0), clusters as a function of N-H bond length displacement. We nd that
the uorescence quenching mechanisms<NI in microsolvation depends on whether a
cyclic or non-cyclic excimer structure is formed. For this reason we will present the results

of the non-radiative decay pathways of these cyclic and non-cyclic structures separately in
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Figure 5.2. S; minimum geometry ofi-CNI-(H20)y, clusters that for (a) cyclic and (b) non-cyclic
excimers structures via HB to water molecule(s).

the next sections.

5.4.1 Non-cyclic Excimer Clusters
5.4.1.1 Excited State Hydrogen Transfer (ESHT)

The PES of the electronic ground statg a8d four excited states $, were computed
along the displacement of the N-H bond of cyclic and non-cyeleNI-(H,O0),, clusters at
the EOM-CCSD/6-311++G(d) in Figures S1,56,510,516,519,524,526,528,and S30 in the
SIC5. The calculations were reproduced for the complexes with 2 HB water molecules at
the CASSCF/aug-cc-pVDZ level of theory and plotted in Figures S4,58,514,S18,522, and

S33. To compare how varying the position of the cyano group affects the non-radiative
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pathway and quenches the uorescence, we overlaid the PES of thedS3 of the non-
cyclic Ind-(H,0); andn-CNI-(H,0), clusters (wheren is 3-5) and the corresponding os-
cillator strengths for the Sstate at the two levels of theory and plotted them as a function

of N-H bond stretch in Figures 5.3(a-d).

(a) (c)

(b) (d)
Figure 5.3. (a) Overlaid PES of §(dotted curve) and §&(solid curve) of non-cyclic Ind-(KO);
and 3-,4-,5-CNI-(HO), excimer clusters along the dissociative N-H bond coordinate computed
at (a) EOM-CCSD/6-311++G(d) and (b) CASSCF/aug-cc-pVDZ level of theory from geometries
that were optimized at the CAM-B3LYP/6-311++G(d). (c) and (d) are the corresponding oscillator
strengths of the Sat the two levels of theory respectively, overlaid for all of the non-cyclic clusters.

In Figure 5.3(a) EOM-CCSD predicts that as the N-H bond length is stretched from
the § minimum, the energy of the electronic ground stajaslestabilized while the ;S
state is relatively unchanged for Ind and 3-CNI. The PES of {h&f 8- and 5-CNI-(HO),
clusters increases as the N-H bond is stretched to 1.3 and 1.2 A, respectively, and then de-
creases. An energy barrier of 1.00 and 0.60 eV is found for the two non-cyclic complexes
where as, like Ind-(kKO); which has a relatively small barrier (0.29 eV), cyano subsitution
on position 3 is found to further decrease the barrier to 0.20 eV in the 3-Cp¥Htluster.

Overall, as the N-H bond length of the amino group in all of these non-cyclic probe-water

clusters is stretched to longer distances the energy gap betweenahd $ continues to
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decrease. The energies computed at the CASSCEF level gives the same qualitative descrip-
tion of the PES as EOM-CCSD, but predicts the energy gaps to be smaller. The energy
barriers Ind, 3-, 4-, and 5-CNI-@D), clusters are predicted at the CASSCF level to be
0.27, 0.00, 0.53, and 0.35 eV respectively. Addition of perturbation theory to CASSCF
when computing the PES of the ground and excited states of Ip@){HFigures S5)
and 4-CNI-(HO), (Figure S15) as a function of N-H bond distance at the CASPT2/aug-
ccpVDZ level of theory con rms the same pattern, and predicts that the potential energy
path of the $ state of Ind-(HO), becomes barrierless and the energy barrier in {HRES
of 4-CNI-(H,O), increases to 1.40 eV.

In addition, the oscillator strength corresponding t@&hese non-cyclic clusters com-
puted at the two levels of theory in Figures 5.3(c) and (d) portrays that as {8gehergy
gap decreases, the oscillator strength also decreases to zero for all of the clusters. We char-
acterized the Sstate at every given point by computing NTOs at the EOM-CCSD level and
using the molecular orbitals in the active space of the CASSCF level of theory and found
that at the startingsSminimumisa  transition (either L orLy) and  at the last point.
This indicates that as the N-H is stretched the is stabilized and the becomes desta-
bilized. The two states switch at the barrier and the molecule undergoes internal conversion

from the excited state;$ ) to S which quenches the uorescence.

5.4.1.2 Fluorescence Sensitivity to Quantity of Water Solvent Molecules

It was observed that the uorescence intensity of 7-CNI decreases as the number of
water molecules in a organic-water solvent mixture increases.[10] For this reason we in-
vestigated the effect that number of water solvents has on the non-radiative decay path
along the $ excited state of th@-CNI probes as as the N-H bond is elongated. We did
this by computing the PES of the probes-water clusters with 1 and 2 water molecules at

the EOM-CCSD/6-311++G(d) level of theory. The PES of theaBd $ and correspond-
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ing oscillator strengths of 3-CNI, 4-CNI, and 2-CNI HB with 1 and 2 water clusters at the
amino and cyano sites, respectively, were overlaid and plotted in Figures S7,S12, and S21
of SIC5 as a function of N-H bond distance. We focus on the PES of 5-CNI, 6-CNI, and
7-CNI-(H,O); 2 excimers plotted in Figures 5.4, 5.6, and 5.7 to understand what uo-
rescence quenching mechanisms are present in contrast to the other probes which were not
found to be as sensitive to the microenvironment. We nd that each of three non-cyclic and
cyclic clusters 5-, 6-, and 7-CNI exhibit different photochemistry in aqueous solution.

The potential energy of the;%nd $ of 5-CNI-(H,O); » clusters were overlaid and
plotted in Figure 3 as a function of the N-H bond distance. Increasing the number of
water molecules from 1 to 2 for 5-CNI was found to decrease the barrier signi cantly from
0.92 to 0.60 eV. The energy barriers of all other isomers that form both cyclic and non-
cyclic excimer structures were not affected by increasing number of water molecules (see
Figures 5.6 and 5.7 and Figures S7, S12, and S21 in the SIC5) This shows the sensitivity
and solvent dependence of the non-radiative decay pathway of 5-CNI in comparison to
other probes. The results also suggests that if we extend the system to model 5-CNI in
the aqueous solution (having more water molecules), the barrier will continue to decrease
until the PES of the Sstate becomes barrierless. In turn the uorescence lifetime may also
decrease and the uorescence will become quenched as the molecule undergoes ultrafast
internal conversion from the;So . Furthermore, while the energy gap between the S
and S remains large at long N-H bond separation, the oscillator strength (Figure 5.4(b))
decreases to zero.

The NTOs portray that the character of thestate goes from{( ) at the S min-
imum to after proton/hydrogen is transferred. Electron density is shown to be trans-
ferred from the 5-CNI monomer to the HB water at the amino site and high electron density
is found on the O of BO. This is seen for all non-cyclic isomers. In addition, ChelpG

atomic charges of the all of the atoms in the rst excited state of the 5-ChOJ}cluster
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(a) (b)

Figure 5.4. (a) PES of the & (solid curves) and S(dotted curves) of 5CNI-(bD); cluster
(brown) and 5-CNI-(HO), (gray) cluster; and (b) corresponding oscillator strength pktate
computed along the dissociative N-H coordinate at the EOM-CCSD/6-311++G(d) level of theory.
The natural transition orbitals of thg $ninimum starting geometry of the 5-CNI-¢B), cluster

are depicted on the left-hand side bordered in gray and in brown is that of the 5-G8};(HNext

to them on the right-hand side are the natural transition orbital for the last geometry of the clusters
with 1 and 2 BO after H transfer has taken place.

were computed for geometries of various N-H bond length at the EOM-CCSD/6-311+G(d)
level of theory to assess if charge transfer takes place and determine if this is a proton or
H transfer. The net charges of the monomer and two waters were reported in Table S1.
The results show that as we transfer a proton/hydrogen from amino to the,BBH¢

net charge of 5-CNI increases from +0.072 to +0.41 and that of #@ decreases from
-0.044 to -0.38, respectively. The net charge of the second water molecule HB to the cyano
remains around -0.03 and does not change by much as the N-H bond is elongated. This
charge separation corresponds to the large dipole moment of the excité@nsition and

in conjunction with the illustrations of the NTOs and proton transfer, suggests that this is

an Excited State Proton Coupled Electron Transfer (ESPCET) process.

5.4.1.3 Conical Intersection

Since 5-CNI-(HO), has the largest S5 gap at the last geometry at the CASSCF
level, we use this system to search for a conical intersection. The PES of tred
of 5-CNI-(H,0), and corresponding oscillator strength shown in Figure 5.3(b) and (d) re-

spectively, were reproduced at the CASSCF level of theory using the contracted segmented
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basis set aug-cc-seg-pc-0 using the CAM-B3LYP optimized geometries and re-plotted in
Figures 5.5(a) and (b). A conical intersection search was performed starting from the last
geometry at N-H bond length of 1.52 A where the energy gap was found to be 1.44 at the
CASSCF/aug-cc-pVDZ level of theory. As seen in Figure 5.5(a) as the N-H bond length
increases, both the ground and excited state are destabilized, and an energy gap of 1.81 eV
is found at 1.26 A. Elongation of the bond beyond this point leads to stabilization of the S
state, where the;SS, energy gap decreases to zero, and the two states become degenerate.
This degeneracy is 46 )/Sy Cl found at N-H bond length of 1.56 A and an energy of
4.80 eV. The calculations indicated that the ground state is an open shell which con rms
that the products at the CI are radicals and that the uorescence quenching mechanism in
the non-cyclic excimers is driven by ESHT process. Likewise, the molecular orbitals from
the active space show a very high electron density on the oxygen and alondptimel of

O-H of the KO radical which is extend promoting the ejection of hydrogen atom. This CI
calculation also indicates that it is likely that the other systems will have a CI if we search
for it using the appropriate methods.

Although a Cl is found, using the aug-cc-seg-pc-0 basis set, CASSCF predicts that the
barrier is more than 3 eV, so it is unlikely to be relevant. However, we have seen that
the energy barrier is predicted to be 0.35 eV when using the aug-cc-pVDZ basis set. This
indicates that the prediction of the energy barrier is sensitive to the method and basis set
being used. It is possible that adding dynamical correlation will decrease the barrier as
well making the CI more accessible. Moreover, studies have demonstrated that inclusion
of dynamical electron correlation in proton transfer processes is important for accurate de-
scription of the height of energy barriers.[123] CASSCF only includes static correlation
energy and typically overestimates excited state energies.[104, 112, 114, 115] Addition of
perturbation theory to CASSCF in the CASPT2 method generally recovers a large fraction

of the electron correlation energy by including dynamical correlation and can lead to stabi-
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lization of the energy.[114, 115, 123] Thus, itis possible that adding dynamical correlation
will decrease the barrier height as seen with Ind@h{ in Figure S4 in the SIC5 where the

PES of S becomes barrierless. However, this may not always be the case. The energy bar-
rier of 4-CNI-(H,O), was found to increase by approximately 1 eV when computed with
CASPT2/aug-cc-pVDZ, however this could be due to state switching. Due to the lack of
experimental data, we cannot assess the accuracy of these methods in predicting the energy

barrier of the water clusters.

(a) (b)

Figure 5.5. (a) the PES of the electronic ground statg,($olid), and rst electronic singlet ex-

cited state, § (dotted), and (b) corresponding oscillator strength of thestate computed with
CASSCF(14,13) and contracted segmented basis set aug-Seg-pc-0 as a function of the N-H bond
stretch of 5-CNI-(HO), cluster. The character of the excited state at then®imum (left), the en-

ergy barrier at 1.2 A (middle), and at the conical intersection (last image on the right) is illustrated
by the transition from the bonding and anti-bonding molecular orbitals involved in the active space.

5.4.2 Cyclic Excimer Clusters
5.4.2.1 Excited State Proton Coupled Electron Transfer (ESPCET)

We now turn our attention to explore the non-radiative decay pathways in the cyclic
probe-water clusters (speci cally 6, 7, and 2-CNI) that can contribute to the uorescence
guenching in aqueous solution in comparison to other positional isomers. We saw in the
previous section that for 5-CNl, increasing the number of water molecules only impacted
the height of the energy barrier while still maintaining the same photochemistry. We focus

here on portraying how the uorescence properties of 6-CNI depends on the number of
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water molecules differently, where unlike 5-CNI the energy barrier is not affected.

The PES of the Sand $ of 6-CNI-(H,0), , clusters are plotted in Figure 5.6(a) as
a function of the N-H bond stretch. As we see again with the case of 6-Cp0)Hlike
the other non-cyclic probe-water excimer structures, the N-H bond stretch is found to drive
the repulsive  state to become stabilized towards thg &proaching a region close
to where internal conversion is possible. When a second water molecule is introduced as
seen by the NTOs in Figure 4(a), a cyclic structure is formed where the amino group of
the 6-CNI monomer is bridged by HB network of the water molecules to the CN group.
Increasing the number of water molecules from 1 to 2 gave comparable energy barriers of
0.97 eV and 0.98 eV respectively at N-H bond distance of 1.32 and 1.52 A for the 6-CNI-
(H,0), , clusters, respectively. When the N-H bond is stretched to 1.52 A, the energy of
the § and § are both destabilized, the proton is transferred from the amino of 6-CNI to
the O of the HB water molecule. Further stretching the bond by 0.1 A leads to a decrease
in the § converging towards theySiriven by a proton transfer to the C8 position of the
benzene ring of the indole moiety which causes the aromaticity of the benzene ring to
break. The proton transfer from the® to the second water molecule is seen in constraint
optimization calculation along the, $ES, which suggests that this proton transfer is an
ultrafast process. The proton transfer is accompanied by a decrease in the oscillator strength
of the § state (5.6(b)) from 0.18 to zero. The NTO of this last geometry was found to be

character. The electron density is found to be localized on the molecular structure
of the 6-CNI monomer and no electron density is found on the water molecules. This
tautomerization thus appears to be due to an ESPT process.

We assessed whether charge transfer takes place by computing the atomic partial
charges of the geometries of various N-H bond lengths of the 6-CMDJHcluster with
ChelpG at the EOM-CCSD/6-311++G(d) level of theory. The net molecular charge of the
6-CNI and two HO are reported in Table 5.1.
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(a) (b)

Figure 5.6. (a) PES of the &(solid curve) and §(dotted curve) of 6CNI-(KHO); (orange) and
6-CNI-(H,0), (navy blue) clusters and (b) corresponding oscillator Strength et&e computed
along the dissociative N-H coordinate at the EOM-CCSD/6-311++G(d) level of theory. The natural
transition orbitals of the Sminimum starting geometry of the 6-CNI-§B), cluster are depicted

on the left-hand side bordered in blue and in orange is that of the 6-CMD)¥H Next to them on

the right-hand side are the natural transition orbital for the last geometry of the clusters with 1 and
2 H,O after H transfer has taken place.

Table 5.1. Net molecular charge of 6-CNI and the twa®l in the § state as the NH bond is
stretched calculated from computing atomic partial charge with ChelpG for all of the atoms in the
cluster at the EOM-CCSD/6-311+G(d) level of theory

N-H (A) 1.32 1.42 1.52 1.62
6-CNI monomer | 0.002990 -0.044378 -0.535217 0.155981
H,O (at NH site) | -0.116867 -0.122535 -0.119385 -0.132657
H,O (near CNsite 0.113876 0.166912 0.654601 -0.023327

The net molecular charge of the 6-CNI decreases from +0.003 to -0.535 as the N-H
bond stretches from 1.32 to 1.52 A where the proton is transferred. The charge of the
H,O where the proton is transferred to from the 6-CNI does not change signi cantly. On
the other hand, the charge of the second water molecule near the CN site changes from
+0.655 to -0.023. This portrays that charge is transferred from the benzene ring of the
monomer to the water molecule and back to the pyrrole ring of the monomer in the opposite
direction of the proton transfer. Also, the NTOs in Figure 5.6(a) portray that the electron
density of the benzene ring decreases. This charge transfer behavior is not seen in other
positional isomers (Tables S1-S4 in SIC5) and indicates that formation of the cyclic probe-

water excimer structure in 6-CNI-@@), leads to an excited state proton coupled electron
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transfer (ESPCET) process that quenches the uorescence intensity.

5.4.2.2 Excited State Proton Transfer (ESPT)

We now unravel the non-radiative decay pathway that possibly quenches the uorescnce
of 7-CNI and explore how the quantity of water molecules in uences it. We will show
that similar to 6-CNI, proton transfer is facilitated through the water molecules for 7-CNI,
however its photochemistry was found to be different. The PES of then8 $ for 7-

CNI with 1 H,O and 2 HO computed at the EOM-CCSD level of theory were overlaid
and plotted as a function of N-H bond length in Figure 5.7(a). For theQ &luster, the

S minimum at N-H bond distance of 1.04 A is found to be L ) state. We nd an
energy barrier of 0.76 eV after stretching the N-H bond to 1.54 A. This barrier is associated
with a proton transfer from the amino to the water molecule. The energy ofthiee8
decreases as the N-H bond increases. The proton is then transferred from the hydronium
ion to the CN giving a geometry at N-H of 2.04 A where theiScharacterized as to be

cn State. The -\ isa -orbital that belongs to the CN group which is in-plane with the
molecular structure unlike the othemolecular orbitals which are out-of-plane. Following
the proton transfer to the CN of 7CNI, thg-Sy gap decreases, and the oscillator strength
decreases to zero. Internal conversion from theo$he S takes place and the uorescence
intensity becomes quenched. We can see from the NTOs that there is small electron density
left on the oxygen of the water molecules after the proton has been transferred to the CN.
This portrays the charge separation along the O-H bond displacement as the proton tranfers
to the CN group. Constraint optimization of the 7-CNI with 2 water molecules however
found that the did not give this same behavior. As can be seen in Figure 5.8(a), as we
stretch the N-H bond from 1.04 to 2.54 A, the &ergy continues to increase parallel to
that of the § PES and the energy gap between them remains large. The corresponding

oscillator strengths plotted in Figure 5.7(b) also portray that th@iSimum of the 7-CNI-
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(H20), , both start at 0.11 and the 1 water molecule cluster then decreases to zero as the
N-H bond is stretched whereas HB to 2®istops decreasing near N-H bond length of 2.00

A and begins to slowly increase again at longer distances. This result would suggest that
in solution the uorescence intensity of 7-CNI should increase rather than be quenched,
which is not the case. In addition, plotting the potential energy path of the ground and
excited state of 2-CNI-(kD), » clusters and their oscillator strengths as a function of N-H

bond stretch did not show this behavior although their photochemistry are the same.

(a) (b)

Figure 5.7. (a) PES of the groundgS(solid curve) and rst excited state;Jdotted curve) of
7CNI-(H20)1 (purple) and 7-CNI-(HO), cluster (red) and (b) corresponding oscillator Strength of
S; state computed along the dissociative N-H coordinate at the EOM-CCSD/6-311++G(d) level of
theory. The natural transition orbitals of thg ®inimum starting geometry of the 7-CNI + 28
cluster are depicted on the left-hand side bordered in red and in purple is that of the 7-£N}-(H

. Next to them on the right-hand side are the natural transition orbital for the last geometry of the
clusters with 1 and 2 H20 after H transfer has taken place. Single point obtfgrén, square)

and S(green, triangle) of the nal geometry of 7-CNI-g®); with the addition of a second water
molecule, denoted 7CNI-@#D), -G. Natural transition orbital corresponding to 7-CNI>(®), -G

is shown in (b) bordered in green.

As a result we explored this further to understand why the energy and oscillator strength
of the § of 7-CNI-(H,0), does not decrease after the proton transfer has been transferred.
We do this by examining the bond lengths differences in theneimum and nal geom-
etry of the 7-CNI-(HO), 2 complexes after proton transfer has occurred. In Figure 5.8
we show the $minimum starting geometry where emission takes place (left-hand) and the

nal geometry after proton transfer has occurred (right-hand) for 7-CNI with (a9Q &hd

(b) 2 H,O clusters. As shown in the gure at the 8 inimum both clusters form a cyclic
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excimer. Although proton transfer takes place for 7-CNI modeled with both th® HAd
2 H,O clusters we nd that the nal geometries after the proton has transferred to the CN
are different. In the 1D cluster, the C8-CN bond is elongated from 1.392 to 1.489 A
which allows the C-C=N- angle to become bent at a la&igle. On the other hand, in the
2 H,O cluster, the C8-CN bond length of the 7-CNI probe decreases from 1.390 to 1.359
A after H is transferred to the CN group which results in a near planar C=C=N- structure
at an angle of 168 To assess whether having this bent C-C=N- angle is essential for the
S, to come down and the; S5, gap to decrease, we added a water molecule near the cyano
group of the nal geometry of the 7-CNI-(#D), cluster (shown in the right-hand panel of
Figure 5.7(a)), where C-C is elongated andS gap is small (Geometry shown in Figure
5.7(b) in green) and computed the energy of tha®d S. We found that with two water
molecules where the C-C bond is elongated and the C-C=N- angle is bent, results in a small
S-S energy gap and an oscillator strength of zero.

We also examined if including electrostatic effects using the implicit solvation model,
PCM can result in a different photochemical reaction path in the 7-CNOjior if inclu-
sion of long-range polarization from the solvent can stabilize the tlea&gy and decrease
the S-S energy gap. We did this by including PCM in two ways. In the rst approach,
the constraint optimization of the, #ES along the N-H bond stretch was computed with
CAM-B3LYP/6-311++G(d) and PCM, which is the state speci c treatment that allows the
solvent to equilibrate and relax with the solute. In the second approach the excited states
of the geometries of the isolated 7-CNI®), clusters were computed EOM-CCSD/6-
311++G(d) and linear response (LR)-PCM where the fast electronic component of the sol-
vent polarizes the solute and thus only the energy is affected and not the geometry. The PES
of the § and $ and corresponding oscillator strengths which were computed using these
two approaches are plotted in Figure S27(a) and (b) in the SIC5, respectively. Both the ge-

ometries and the energies were not impacted by the inclusion of the PCM. This con rmed
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