ABSTRACT

ALAMEH, REEM T. Spectroscopic and Electrocatalytic Investigations of Rhenium(l)
Complexes(Under the directionf Prof. Felix N. Castellano

As the world continues to be concerned with the limited amount of fossielsmives left
for consumption, a search foenewable energy resources which can produce transportable fuels
remains an interest. That, combined with rising atmospherig¢ €&@Qcentrationsurgesthe
research community to learn from a plant on how to use an abundant energy source, like sunlight
to accomplish high energy requiring reactions or applications, includingr€iDction. As a
result, rhenium(l) complexes have been widely investigated for light harvesting applications and
COe reduction catalysis. €&earchers continue to tune the structures of rhenium(l) complexes to
enhance their performance, whether as €&duction catalysts or as light harvestensvarious
applications. Chapter 1 presents the fundamentals needed to engineer modifications and enhance
performance. Chapter 2 studies the use of rhenium@ilbrene dicarbonyl complexes for the
CO: electrocatalysiswith formate being the targeted product. Chapter 3 dives into the
photophysical properties of an emerging class of rhenium(l) compdexesg 4,5diazafluorene
based ligands. Chapter 4 presents divarsprogressspectroscopic applications to either
investigate rhenium(l) complexes for pH sensing applicationto arnderstand certain light

activated mechanisms thguide the way t@nhancdight harvesting properties.
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Chapter 1: Spectroscopy, Electrochemistry, and Spectroelectrochemistry

Rhenium(l) complexes have been widelydied in the literatur€? Their long exciteestate
lifetimes enabled their use as photosensitfzansl photocatalysts> Moreover, they have been
known to have high activity in CQeduction electrocatalysfs® This dissertation investigates the

use of a new class of rhenium(l) complexes for,@@ctrocatalysis (Chapter 2) and studies
another new class of rhenium(l) complexes for improved photophysical properties (Chapter 3).
Chapter 4 goes over other spectroscopic applications on rhenium(l) complexes, including
luminescent pH sensing, photochstry of the decomposition of rhenium(l) complexes
containing aryl azide ligands, and intramolecular quenchifylbCT states of some rhenium()
complexes. The currenhapter discusses the fundamental spectroscopic, electrochemical, and

spectroelectrochemical concepts and techniques used in the following chapters.

1.1. Spectroscopy

When a molecule (A) is struck by light, it undergoes different processes. If the excited state (A*)
decays back to its original ground state (A), the set of processes it underwent from excitation to
relaxation is termed photophysics (Figure 1.1a). Howélvameaction occurs after A* is formed,

the set of processes is termed photochemistry. Photolysis, a specific type of photochemistry, is
represented in Figure 1.1b, where A* decomposes into two products, B and C. Photophysical and
photochemical processean be detected with the help of spectroscopy. Spectroscopic techniques
(Figure 1.1c) generally consist of a light source to excite a sample, whose behavior is then collected
by a detector. In the following sections, light absorption, selected deaatiyaibways, and the

respective spectroscopic techniques are to be discussed.
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A* b) a-
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Detector

Figurel.1l. A general representation of (a) photophysics, (b) photochemistry, and (c) spectroscopy.

1.1.1.Light Absorption

1.1.1.1.Fundamentals of Light Absorption

Most of theinformation provided in this section is summarized using the sanieutebess

otherwise noted.

Molecules exist in states having specific energies. These states are described by wave functions

q, whi ch

ar e

Eigenfunctions

This is given by the Scdinger equation:

O

When a molecule absorbs a photon of energy that resonates with the difference in energy of its

initial and final state wavefunctions, the system is said to have undergone a perturbation. The
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of t

probability of finding the system, after the perturbation is neraod |,

proportional to the square of the transition moment (TM), given by:
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where the subscripisandf represent the initial and final states, respectively,‘afadthe dipole

moment operatorSi nce ({ represents the state of t he
corresponding to both electrons and nuclei. To simplify Eq. 1.2, a couple of approximations can

be made. The Bor@ppenheimer (BO) approximation states that these wavefunctions are
separable due to the long timescale of nuclear movements compared to electronic motion. The
FranckCondon approximation states that nuclear motion does not afffestthey are considered
Afrozeno on the timescale of the instantaneou
Furthermore, electronic states can be further separated into electron spin and orbital (spatial)

wavefunction components. As a riéskq. 1.3 can be rewritten as:

4- % BQr YYOr (1.3)

wheret is the electronic orbital wavefunction in the initiglgnd final {) statesSis the electronic

spin wavefunction, and is the nuclear (vibrational) wavefunction. If any of these integrals are
zero, then the TM is zero and the electronic transition is said to be forbidden. Note, however, that
forbidden transitions can still be observed due to the factors neglected byppesemations.

The electronic transition term (blue) and the spin overlap integral (green) give rise to symmetry
and spirselection rules, respectively. In summary, a transition is allowed between orbitals having
a product that transforms as the symmetry of the transition dipole moment in the x, y, or z direction.
For electron spins, a transition is allowed only between spewith identical spins, termed the

spin selection rule. The Fran€london term (gold) dictates the spectral shape of the observed
electronic transitions. The allowed transitions generally possess high extinction coefficients

whereas forbidden transitiopessess extremely low extinction coefficients.



1.1.1.2.Types of Electronic Transitions Induced by Absorption

The rhenium(l) complexes studied in this dissertation generally have an octahedral coordinate

environment that can be represented as in Figure 1.2. The metal d orbitals lie between the ligand
and ~ * o-cebterad &MCrd traddiiansaatre usually forbidden and are the lowest in

energy if observed. Metab-ligand charge transfer (MLCT) transitions occur from a meté&b @

|l igand ~* orbital. I f the transition occurs f

ligandto-metal charge transfer (LMCT). The last type of transition is one happening from the

ligand °~ to the | igand-ce*ntcerrbeidttall)CatnEug i omo wt

usually the highest in energy. Rhenium(l) complexes usually have two main types of transitions:

|l ower energy MLCT transititomanaintdi oangher ener

Ligand o* orbitals

7 Y Ligand ©t* orbitals
4 MCd-d
MLCT Y 'y Metaleg orbitals
4 LMCT 1 N .
4 LC n-m* I I’ Metal t,, orbitals
Ligand m orbitals

Ligand o orbitals

Figurel.2. Electronic transition types in an octahedral transition metal complex fwthlehce electrons.

1.1.1.3.UV/Vis Absorption Techniques

The light absorption of a ground state species (A) can be detected by a UV/vis absorption
spectrometer represented in Figure 1.3. UV/vis light is emitted by a xenon lamp and passed through
a monochromator, where a single wavelength is selected and passeghta sample at a 180

angle from the detector. The intensity of the transmitted light at that wavelength is detected. For a

spectrum, the full range of wavelengths is scanned by the monochromator.



Monochromator

A

v

Light Entrance Dispersive Exit

Source slit Element git  Sample Detector

Figurel.3. Representation of a UV/vis spectrometsdapted from referenc¥.

To acquire the absorption spectrum of an excited state A* in the ns regime or longer, the setup
represented in Figure 1.4 can be used. A reference spectrum of the ground state A is first acquired
using the linear light path starting frothe xenon lamp and ending with the detector (iCCD
camera), similar to that previously mentioned. Then, A is excited to A* using a pump beam at a
selected wavelength generated by a Nd:YAG laser, and a spectrum of the excited sample is taken
by passing whitdight (probe beam) through the sample, into a diffraction grating, then to the
detector. The reference ground state spectrum of A is subtracted from the excited state spectrum.
The positive features are therefore assigned to the excited state absogntibitise negative
features are referred to as the ground state bleaches. Fatdiayed spectra, an electronic delay

can be added to the probe to hit the sample after a specified time from the pump.

Single wavelength

i (pump beam)
prlsm‘ Laser

White light
(probe beam)

Xe lamp — Diffraction <: Detector
Grating
sample

Figurel.4. General representation of a nanosecond transient absorption setup.




The same concepts apply for acquiring a transient absorption spectrum in-fiiecsgzond to

the 6 ns time regime apart from using the same laser to generate the pump and probe beams. This
type of transient absorption technique is termed ultrafast ém@insabsorption (UFTA)
spectroscopy. As shown in Figure 1.5, a laser beam is generated from the Coherent Libra laser,
split into two parts. One part is tuned to the desired excitation wavelength in an optical amplifier
(OPerA Solo) to serve as the pump bedine other part travels through an optical delay stage

with a moving mirror on a 6 ns delay line. After the delay, this beam hits a-Nghtegenerating

Cak crystal before hitting the sample, serving as the probe beam. The pump and the probe beam

are overlapped at the sample, after which the probe beam is guided to the detector.

CaF, Crystal
Il
= Sample
11U :
Chopper
Detector
‘[ Delay Stage
I
OPerA Solo

Tunable Wavelength

Fau

Coherent Libra
800 nm Output

Figurel.5. General representation of a UFTA spectrometdapted from referenck.



1.1.2.Photophysical Deactivation Pathways

1.1.2.1 . Fundamentals

Light absorption and the associated excited state deactivation pathways can be summarized in a
simplified electronic state diagram known as a Jablonski diagram, Figure 1.6. Théngslid
indicate radiative processes while the wavy arrows indicateadative processes. The Jablonski
diagram assumes a clossigell ground state of singlet state charactey 48d represents triplet
excited states with.I The bold horizontal black lines represent the lowest energy of the particular
electronic state (ground state &d excited statess &nd T, where n > 0) of the molecule while

the thin black lines correspond to vibrational levels located within each electronic state. It is worth
noting here that, for simplicity, only spin states are considered while the symmetry and rotational
levels of the tansition are neglected due to their marked energy differences with respect to
electronic and vibrational energies. Also, only one vibrational mode is presented in these diagrams
and only photophysical deactivation pathways are indicated. Upon irradiftiemmolecule with

light (straight blue arrows),0Ss excited into higher singlet excited stat@si® accordance with

the spin selection rule. Excitation into high vibrational levels depends on the degree of nuclear
displacement between 8nd 9, which is better illustrated using potential energy surfaces (PES).
Following light excitation, an electron occupying high vibrational energy levels im&rgoes
vibrational relaxation (curvy yellow arrows) to satisfy the Boltzmann equilibrium. Vibrational
relaxation dissipates energy in the form of heat by collisions with surrounding solvent molecules.
This process represents a rapid relaxation pathway due to the high rate of collisions occurring in
solution. Another deactivation process termed internal@nn (curvy purple arrows) is a ron
radiative transition from a higher electronic energy level to a loweriee$ A S:1) having the

same spin multiplicity, occurring through overlapping isoenergetic vibrational levels. If-a non



radiative transition occurs between &d Ti, the process is referred to as intersystem crossing
(curvy blue arrows), a formally forbidden transition which is facilitated by the phenomenon called
spintorbit coupling. Due to the forbidden nature of this transition, it occurs at a much slower rate
with respect to internal conversion. Another process of photophysical estatedieactivation is
termed radiative decay. Radiative deactivation (light emission) occurs from the lowest excited
st at e ( Kdostheag@usd stateldee to the fast rates at which the previously discussed
processes occur. If the radiative emission happens fiofn S, it is called fluorescence (green
arrows), while if it occurs from T A S, it is called phosphorescence (red arrows).

Phosphorescence is significantly slower than fluorescence due Hodpaden nature.

— Energy Levels
Absorption (101 5)

La y Fluorescence (10719107 5)
52 : 'y AN Phosphorescence (10— 10 s)
SN Internal Conversion (10711 = 107 5)
Vibrational Relaxation (101~ 1019 5)
A SSOUUOUS Intersystem Crossing (1019 - 108 5)
F
= 1
=S\ VA VaAV AV Ve &

?I il

= 4 S o
- ik T1

h 4 b
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Figurel.6. Jablonski diagram depicting available photophysical relaxation pathways of a system following
absorptionAdapted from the referenéé

The spectral shape of light emission bands depends on the f&andkn factor, which is the
degree of geometrical distortion of the excited state with respect to the ground state, Figure 1.7.

Emission band shapes cangredicted by connecting the Bvel (lowest vibrational level = 0)



of the | owest excited st agreaund(stitausingaértcal ineslire ) t
the case where both PES plots of the excited and ground states are nested, only one narrow band
appears which corresponds directly tg, Ehe difference in energy between the lowest vibrational
levels of the groundv(= 0) and excited stat&(€0). When the PES plots feature an excited state
distortion, the vertical arrows now intersect the PES of the ground state across higher vibrational
levels, leadig to the appearance of more bands. Singehias the highest energy of all the other
transitions, its value can be estimated from an emission spectrum by taking the intersection of the

tangent to the blue edge of the emission curve with the wavelength/energy axis.

Excited
Electronic

State

Figurel.7. PES plots clarifying the effect of geometrical distortion (represented by fanéton term in eq. 1.3)
on the shape of the emission band. PES plots of excited state (red) and ground state (blue) are nested (left) or
distorted (right) Adapted from literaturé.

1.1.2.2.Spectroscopic Techniques

Steadystate or static emission spectra are measured using a fluorometer, an exploded view of the
general components of this spectrometer is given in Figure 1.8. A sample is excited using a specific
wavelength isolated from a broadband light source, tilpica Xe arc lamp, using a
monochromator and an order sorting filter, producing the desired excited state. A reference
detector is used to correct for any variation in the excitation light intensity that might be

encountered during the collection of theigsion spectrum. The light emitted from the sample,

9
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either fluorescence or phosphorescence, is collected &tam@@ with respect to the excitation

path. The collected light is passed through another monochromator that scans the entire emission
wavelength range and ultimately strikes a detector, usually a photomultiplier tube, that generates
a voltage signal proptional to the emission light intensity, yielding the final emission spectrum.
The emission spectrum can be corrected for variations in the detection system wavelength

sensitivity by using a coection file generated from the light output of a standardized NBS lamp.

Sample
Light source Excitation | N
Monochromat0r| o N
0// P
G
Reference Emission
Detector | Monochromator

Emission
Detector

Time-resolved emission spectra can be obtained in the nanosecond regime or longer by the use of

Figure1.8. General representation of a fluorometedapted from literaturé?

a flash photolysis system shown in Figure 1.9. A laser beam tuned to the desired excitation
wavelength is generated by an Nd:YAG laser. The beam is guidetdeixchie the sample, which

in turn emits in all directions. An iCCD camera detector is placed &t ar@gfle with the incident
excitation beam to read the contributions from the emitted light only and eliminate interference
from the excitation beam. A shet placed before the detector is controlled to open at specific time

delays after excitation to obtain spectra at different times.

10
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Figurel.9. A representation of a timeesolved emission experiment setup.
1.1.3.Infrared Absorption Spectroscopy
1.1.3.1.Fundamentals

Unless otherwise specified, the information in this section was summarized from reference

Other than vibrational relaxation pathways, the discussion in Section 1.1.2.1 pertained to electronic
transitions which occur over the WVisible region (higher energies) of the electromagnetic
spectrum. IR radiation has lower energies which match thegieserequired for vibrational
transitions in molecules. These energies (Eq. 1.5) can be estimated by using Eqg. 1.4 for the
potential energy component of the Hamiltonian in the &thger equation (Eqg. 1.1) applied to

nuclear vibrations acting as a harnwascillator:

© - (1.4)

ot -Q f -— - (1.5)

whereV, k, g, g, ¥, h, ande are the potential energy operator, force constant, bond length
referenced to equilibrium position, vibration

of vi brati on, Pl anckdéds constant, and reduced
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anharmonic oscillator, can be used to account for the dissociation of a bond at high values of

and high repulsion potential energy at low valueg, dfigure 1.10.

N 4

Figurel.10. Potential energgurves representing harmonic (dashed orange) and anharmonic (solid blue) oscillator
models.The inner horizontal lines represent the vibrational level correspondmdte value. is the bond length

at the equilibrium positior, is the dissociation energipc is the potential well deptid,= D1 Eo. Reproduced

with modifications'®

The potential energy operator for the anharmonic oscillator model and the resulting energy

eigenvalues are given by:

w Op Q (1.6)
o F - I - Qo a.7)
wherg - —,w —, Deis the potential well depth, affidis a measure of the curvature

at the bottom of the well. When applicable, the subseiggiven to indicate the relationship with

respect to the equilibrium bond position.

A mol ecul e dm space are dedimed I3y the degrees of freedom which consist of

translational, rotational, and vibrational motions. The total number of degrees of freedom for a

12



molecule is 3N, where N is the number of atoms. A-lmoear molecule moving in a 3D system

has three translational motions (X, y, z) and three rotational motions, which is 6 in total. Therefore,
the remainder of 3N is the number of vibrational modes-@8N_inear molecules have two
rotational modes, and, therefore, have®3ibrational modes. These modes can be readily derived
using Group Theory, and their symmetries are established from the relevant character table
corresponding to the molecule's pagnoup. Each vibrational mode has a specific frequancy

and might or might not be observed by vibrational spectroscopy. The two main spectroscopic
techniques to observe these vibrational modes are Raman and IR spectroscopy. Raman
spectroscopy is beyond our discussion here due to its relative insensitivlBCiex@eriments,

but a vibrational mode might be Ramactive only, IRactive only, inactive, or both Ramaand

IR-active.

The relevant selection rule needs to be considered to determine whether a vibrational mode is IR
active. An IR active mode should result in a change in the dipole moment of the molecule. As a
result, the transition moment integral (TM, previously mentioimefiq. 1.3, but this time for
vibrational states) for a transition occurring fronfg) A - (g), where- represents the wave

function of a specific vibrational mode, given below, should be nonzero:

4- [ t'RIE QfF (1.8)

The above direct product should transform as the totally symmetric representation tezbeonon

Therefore,- (g)- (gr) should transform as one of the components @x, y, or z).A careful
analysis of- (g) states that if it has a nalegenerate symmetry,(g) transforms as the totally

symmetric representationdfis even and as the symmetry of the modgsfodd. Hence, if neither

X, Y, or z belongs to the totally symmetric representation, only transitions between odd and even
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vibrational levels of the same mode can be allowed. In other words, only odd x even (symmetry
of the mode x totally symmetric representation) gives the symmetry of the mode and not the totally
symmetric representation. Moreover, for the transition tolbevatl (IR-active), the symmetry of

the mode should transform as at least one of the symmetries of x, y, or z in a given point group.

When one identifies a molecule's observable IR vibrational modes, IR spectroscopy can be used
to gain insight into its structural properties. For experiments where a sample is dissolved in a

solvent, the solvent window and peak strength (intensity) sheutbnsidered.

1.1.3.2.Spectroscopic Techniques

In a generic Fourier transform infrared (FTIR) spectrophotometer, Figure 1.11, a broadband IR
beam is emitted by an IR source, typically a glowbar. The IR beam is perpendicularly split in half
by a beam splitter. One part is reflected by a stationary mwdle a moving mirror reflects the

other. The reflected parts meet again at the beam splitter and are split again, where one portion
goes back to the IR source and the other travels to the sample. When the reflected beams meet,
they form an interferencpattern whose shape is dictated by the displacement of the moving
mirror. Since the beam contains multiple frequencies, the interference pattern (interferogram) will
have the shape of one higitensity peak with two tails. When this new beam, resultiomfthe
interference of the reflected beams, hits the sample, some of its frequencies are absorbed by the
sample, giving the interferogram a new shape. The final beam, which is now attenuated by the
superimposed absorbed frequencies, reaches the detaatbrthe computer transforms the
resulting interferogram into the final IR spectrum using the Fourier transform series. FTIR has the

advantage of high resolution and fast scans over dispersive IR méthods.
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Figurel.11. FTIR spectrophotometeAdapted from literaturé?

To obtain a timegesolved IR (TRIR) spectrum that allows the detection of the IR transient
absorption of an excited species A*, an experimental setup represented in Figure 1.12 is used. A
Coherent Astrella laser generates a laser beam that is split mfwates. One part is fed into the
Coherent Libra laser, which allows for an electronic delay and, in turn, the operation of the setup
in the ns regime or longer. This beam is then guided into an optical amplifier, where the beam is
converted into a broadbd IR probe beam by an {&§enerating crystal. The other part goes into
another optical amplifier, which is tuned to the desired excitation wavelength, thus generating the
pump beam. The pump beam is then directed into a delay line that accounts fosctimeatticies
between the pump and the probe beams, and then passes through an optical chopper to allow every
other pulse to pass through and hit the sample. The probe beam is split into two parts that have
distinct paths. One is directed to overlap with poenp beam at the sample (actual probe beam).
The other part acts as a reference by hitting the sample at a different spot. The detector collects
both the probe and reference beams. For experiments in tpeceglecond to 6 ns time regime,

the pump and be beams are delayed by the optical delay stage instead of the electronic stage.
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Figurel.12. A representative diagram of the TRIR setup.

1.1.4.Effects of Structure on Photophysics: Energy Gap Law

After discussing the different photophysical deactivation pathways, it is essential to discuss how
structural changes to the molecule affect those processes. The concept of the energy gap law,
coined by Jortnet® is summarized in Figure 1.13a. Two structural factors come into play here.
First, the more structural distortiogd{l) is between the ground state (A) and the excited state
(A%), the more the overlap between their vibrational states is, and therefore the faster the decay to
A through radiationless processes becomes. As a result, complexes with ligands of more rigid
structures, like 1,14phenanthroline, are expected to have longer lifetimes and higher emission
guantum yiel ds -bibyadme liganads.sSecona,i the HessZhe 2riergy gdp (
between A and A*, the more overlap between the vibrational statebeaumaster the decay to A
through radiationless processes. Figure 1.13b representgthoan be tuned for complexes with

the general formula [Re(N~N)(Ce)]*°, where N”N is a diimine ligand while L is a monodentate
ligand. For a series with the same N”N ligand, donor ligand L interacts with the drbitals,

raising them in energy and decreasing the MLCT transition's energgcéeptor ligand L pushes

thedorbitals | ower i n energy, i ncr easaccepor t he
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ligands are expected to result in longer lifetimes and higher emission quantum vyields for this class

of complexes.

ES

GS

b) (N"N) %

_H_\ ~ AE T MLCT +/0
. _]-F\ d_n r N
~ N'f," | ‘\.\CO
S Re’
_H_ " | Seco
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Figure1.13. Effects of structure on the photophysitx). Summary of energy gap law. (b) Effect of the ancillary
ligand L on the energy of the MLCT transition.

1.2.Electrocatalysis

1.2.1.General Scheme of an Electrocatalytic Reaction

Electrocatalytic systems have been widely developed as a class of reactions intended to lower the
overpotential {) at which the electrochemical conversion of a substrate (S) to a product (P) occurs,
Figure 1.6. The overpotentidl is the difference between the actual potential applied) (&

execute the reaction with respect to the thermodynamic potential for the pertinent redox couple
(S/P), Esipy Electrocatalysis usually happens close to the redox potential of the catalyst (E

To have a driving force sufficient for the reduction of S to BypEhould be more negative than
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Espp 1 deally, a cat A theredoreBsoxSigooldble marespositive cainpaced e a s e

to Eact HeNce, Rdoxshould be betweensand Espy®2° While not exact, the difference between
E (sip) and Eedox Can be used to predict the overpotentid Of the reduction of S to P when
catalyzed by Cals (reduced form of a catalyst). For a plausible electrocatalyigiould be

expected to be low and especially lower thian

Depending on the catalytic mechanism and the number of electrons required to activate the
catalyst, the scheme in Figure 1.14 representing electrocatalysis may change. Generally, however,
for a reductive electrocatalysis, a catalyst in its oxidized forap{(&lose to the working electrode

(WE) surface receives electrons from WE to be in its reduced active forpy)(QBS is present

nearby, electron transfer occurs from @b S to regenerate Gaand produce P. This process is
affected by electmo transfer kinetics from the electrode surface to the catalyst, catalyst
concentration, substrate concentration, and the rate constant of electron transfeedtons E

(kcat). Before we stefnto the voltammetry techniques by which electrocatalysis is detected and
guantified (Sections 1.2.3 and Section 1.2.4), it is important to first discuss some general

fundamentals (Section 1.2.2).
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Figurel.14. Potential region for an electrocatalytic reduction reaction happening at the surface of the working
electrode (WE)S, P, Catq, and Caj denote substrate, product, reduced form of catalyst, and oxidized form of
catalyst, respectively. Ep)> Eedox> Esccand/B< Jiwhere Esjpy Eredox, Eacy /B and/lare the thermodynamic

potential for the redox couple (S/P), redox potential of catalyst where catalysis occurs, actual potential for redox
couple (S/P) in the absence of a catalyst, electrocatalytic overpotential, and overpotential of (S/P) redokamuple o
absence of a catalyst.

1.2.2.Fundamentals of Voltammetry

Voltammetry is an electrochemical technique by which the voltage (or potential) of the system is
controlled by a potentiostat and a current response is recorded. An analyte solution containing
electrolyte is placed in a cell that is connected to the postat by three electrodes: working

(WE), counter (CE), and reference (RE), Figures 1.15 and 1.16. When a user inputs a potential,
t he potentiostat applies that potenti al t o
electrical ground, Figure 1.8he response at the WE results in a current flow which is measured
by an ammeter and recorded. Since the potenti
the potentiostat measures the voltage difference between the RE and the WE, usingtaryoltm
adjusting the potential to have an accurate reading vs the RE, where no current flows. Hence, the
RE should be chemically inert to maintain a constant voltage and serve as a reliable reference to

standardize the poteéntiostatos applied potent
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Figure1.15. General scheme of an electrochemical dadlapted from literaturé?

Potentiostat

Cj) Ammeter
Cell

Voltmeter

Figurel.16. Simplified schematic representation of the -gaitentiostat circuitThe voltmeter and ammeter are
usually builtin in the potentiostat, but they were shown for discussion. WE, CE, and CE denote the working
electrode, counter electrode (aka auxiliary electrode), and reference electrode, respectively. Reproduced with
modifications?®

As described above, voltammograms are plotted as voltagst{ik ¢) and currentij vst. These

plots can be combined into one depending on how the experiment is executed. Since the voltage

is controlled by the potentiostat and is chosen by the user, a plovsif IE easily established.

However, thevstp|l ot depends upon the analyteds respon

are defined as solutions containing solvent, analyte, and a supporting electrolyte (salt) to increase
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the conductivity of the solution. Where el ect
catalyst, and a substrate is also present as a solute. It is important to identify two types of currents
observed in electrochemical experiments, Faradaic rameFaradaic currents$ A Faradaic

current arises from electron transfer from the WE to the analyteFd@daic currents are those

that arise in the background due to the charging of the electric dlayble Figure 1.17. This layer
essentially acts as a capacitor, due topifesence of two oppositely charged pliéte layers in

close proximity, separated by a dielectric layer of solvent. Therefore, when a potential is applied

at the WE surface and this doutdger forms, a background current appears, corresponding to the

charging of this newly formed capacitor.

) +

© +

T . Solvent molecule
J+

m -
g+ © Electrolyte cation
O+

L_ -

*8‘ . OEIectronte anion
Wy

Figurel.17. Electric doubldayer formation at the surface of a workielgctrode.

According to Faradayés |l aw (Eg. 1.9), the amo
(Q) to the analyte is related to the moles of electrolyzed an&lyt€rrent, by definition, is the

amount of electronic charge pass&) fer unit time 1), Eq. 1.10°

— 0 (1.9)

0 — (1.10)
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where n and F are the number of el ectrons t

respectively. Differentiating Eq 1.9 i, yields?3

- — (1.11)

Therefore, Eq 1.11 can be rewritter?as:
Yoo m — (1.12)

Since the rate of the relevant redox reaction is dependent on the extemtadt between the
analyte and electrode surface, it is usually expressed as per unit afeaf(tme electrode surface

(A):%
YHoE d oa — (1.13)

Multiple factors influence the rate of the redox reaction, of which mass transfer is most important.
Three mass transfer phenomena are possible: (i) migration, (ii) diffusion, and (iii) convection.
Migration, the influence of the electrical gradient, canneglected by markedly increasing the
concentration of supporting electrolytes with respect to the analytes, which are typically 4 to 5
orders of magnitude larger. Convection can be eliminated by keeping the solution shielded from
the local environment,emote from sources of mechanical vibration. The remaining term is
diffusion, which is mass transfer resulting from concentration gradiéme analyte's
concentration gradient forms as it is consumed close to the electrode surface while it is present

abundantly in the bulk solution. Therefore, Eq 1.13 can be rewritt&h as:

0 & "0 O (1.14)

22

r

q



where D is the diffusion coefficient of the analyte #s)1 C is the concentration of the analyte;
andx is the distance from the electrode surface Q at the electrode surface). Therefore, the
current response's shape depends on the slope of the concentration gradient profiles (plots of C vs

X at a given potential and time). This topic will be further discussed later.
A couple of other terms relevant to electrochemistry should be defined at thig?point:

a) Chemical reversibility is the ability of a redox couple to form an equilibrium in such a way that
both the reduced and oxidized forms are chemically stable (do not decompose or react with the

surroundings).

b) Electrochemical reversibility refers to the ability of the electron transfer between the electrode
surface and the redox active species to happen rapidly. In other words, it depends on the electron
exchange kinetics between the redox species and thieoele and is affected by surface adsorption

and the electric doublayer.

c) Formal potential is the standard potential of a redox couple under specified condfionst)EE

1.2.3.Cyclic Voltammetry

As mentioned in the previous section, thestt plot depends on the specific experiment being
used. In a cyclic voltammetry (CV) experiment, the potential is swept twice to complete one cycle,

a forward and reverse scan, as shown in Figure 1.18.
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Figure1.18. Applied potential (E) vs. time)(plot for a cyclic voltammetry experimemB is the forward scan, and
BC is the reverse scan. Solid lines indicateyicle while dashed lines indicat&' 2ycle.

In Figure 1.18, both scans indicated as AB and BC have the same slope, which is defined as the
scan rateg, (V/s). A and C have the same potential. B is called the switching potential. AB should
be within the solvent and electrolyte windows (the potential window over which the solvent and

the electrolyte are chemical shyguldiierbetweenAandd8nd t h

A typicali vs.t plot for a chemically and electrochemically reversible redox process is shown in
Figure 1.19. In this plot, ferrocene (Fc) is oxidized to ferroceniurf) @ca scan rate of 2 mV/s.

The negative current peak is called the anodic peak (Fc" + €) while the positive current peak

is termed the cathodicpeak {(Fee A Fc) . Not e that the terms Aposi
depending on the plotting convention (IUPAC or BSHowever, in all cases, an anodic peak

appears when sweeping the potential positively, while the cathodic peak appears when sweeping

the potential negatively.
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Figure1.19. Current response)(of ferrocene oxidation to a potential sweep (represented in Figure 1.9) plotted vs.
Scan rate: V/s.

Combining plots in Figures 1.18 and 1.19, one obtains a cyclic voltammetry (CV) plot in Figure
1.20H. As described in Eq. 1.14, the current response depends on the concentration profile of the
analyte at a specified potential and time. For a fully (chdipiaad electrochemically) reversible
process, an equilibrium between the concentrations of the oxidized, [Ox], and reduced, [Red],

forms of the analyte is established according to the Nernst eqéatfot:
0 O —&e— (1.15)

where E, R, and T are the applied potential, molar gas constant, and temperature. Figure 1.20H
represents the reduction of A Fc. The potential sweep starts at point A, where onlyigc

present, Figure 1.20A. The potential at this point is too positive to redtit@ @ As the potential

is negatively swept, an increase in current is observed, indicating the formation of Fc. The start of
this current increase near 0.1 V is called the onset potential. When& =Et he | ogar i t h
in Eq. 1.15 beames zero, and, therefore, at the surface of the electrodes[fFe], Figure 1.20B.

The concentration change occurs in the region close to the electrode surface (called the diffusion
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layer) while the analyte in the bulk remains unaffected. At points C and D, where E is more
negative than B , [ Fc] i ncr eas e s']td satisfyntber Nernst eguilibriumh. Atat o f
point D, where the potential is very negative, all of thedtthe electrode surface is now reduced

to Fc, but current is still observed due to" Btowing diffusion from the bulk to become
reduced?®?224To relate these current responses to thé] [&ed [Fc] concentration profiles, the

slopes of plots A through D in Figure 1.20 can be correlated to the currents observed in Figure
1.20H as indicated in Eqg. 1.14. At point A, the slope of the concentration profile is zero which
reflects no current inease. In plots B and C, however, the slopes increase, thus increasing current.

In plot D, the slope decreases compared to C, hence the current decreases. The slope is not zero,
however, which explains why theurtent at D did not reach zero. As a result of the increase
followed by the decrease in current, a peak appears at point C. The same analysis of concentrations

and currents occurs in Figure 1.20E througH G.

A1
&)
0
0
H
<
b -2y
i D -
Blag A1
3
o g
1
Fc — Fc*+e” !
T f T T

— T — T 1
03 02 01 00 -01 -02 -03 E E, 0 d Bulk
Potential (V vs Fc*/Fc) Potential

Figure1.20. Plots (AG) show concentration profiles of the analyte ferrocenium (blue) and its reduced form
ferrocene (green). Plot (H) shows current vs potential, CV, of the reduction of ferrocenium to ferrocene. Plot (1) is
like the plot in Figure 1.18\dapted from literaturé?
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The value of the peak currenp)(increases linearly with the square root of the scan wafe (
according to the RandlSevcik equatioR? which is the solution of Eq. 1.14 under the conditions

of an electrochemically reversible diffusioontrolled CV process:
N ™ T18086— ! (1.16)

where Cis the bulk concentration of the analyte. Eq. 1.16 is valuable for calculating the diffusion
coefficient of the analyte. Ideally, for a fully reversible electrochemical process, the absolute
values of the cathodic peak curreipc and the anodic peak currem§d must be equal. The

potential separation between these two peaks is close to 59 mV/

To simplify the remaining discussion related to electrochemical catdfsissider the following

two reactions, representing the catalysis happening in Figure 1.14:

Catyy + e <~—= Cat,q (1.17)

K
Cat,oq + S— P + Cat,, (1.18)

where Caj, Cateq, S, P, andk are the oxidized form of a catalyst, the reduced form of a catalyst,

a substrate, a product, and the rate constant of the limiting step reaction between the reduced form

of the catalyst and the substrate. Reaction 1.17 is the reversibleatren redution of the

catalyst (B, while reaction 1.18 is an irreversible chemical reaction between the reduced form of

the catalyst generated by 1.17§G ., in tBe absence ofi€, has a characteri st
Figure 1.21 (black). However, when it is folled by G6 , r.dvdl be consumed before it reverts

to Catx. As a result, the anodic peak corresponding to the reverse scan for reaction 1.17 will
decrease or diminish depending on the degree of consumption&f Tla¢ reduction of Cat

will therefore have a higher current response, resulting from electron transfer in reaction 1.18, and
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will appear as an irreversible peak, Figure 1.21 (red). The rate cokstaneq. 1.18 can be

estimated when electrocatalysis is performed at high scan rates where purely kinetic conditions

affect the catalytic current ang: has a relatively constant value independent of scan rate. While

this mechanism is simple, and more complicated mechanisms might be operative, it is a good

starting point in evaluating catalytic processes. If the electrocatalytic mechanism can be

establified, other kinetic informain can be deduced using only CV experiments.

Current (-/) / mA

E%(s/P)

Earedox

0
E act

Potential (-£)/V

Figurel1.21. Reversible one electron reduction of a catalpkick, 1). Irreversible chemical reaction between the
one electron reduced form of the catalyst and a substrate (red, 2). Blank (dashed blue, 3). Blank with substrate (solid
blue, 4).icc:and j, are the peak currents in the present of a substrate and the absence of a substrate, respectively. The
potential terms were previously described in Figure 1.6. Adapted from litérafitilenodifications.

1.2.4.Bulk Electrolysis

While CV experiments glean significant insight into whether catalysis happens and its associated

kinetics, it does not generate products in quantifiable amounts to characterize them by other means,

since electron transfer processes happen close to therelecd e

surf ace

and

dono

From its name, bulk electrolysis (BE) is an electrochemical technique that holds the potential at a

specified value for a defined period of time (in this case, BE is more specifically called controlled

potential eletrolysis, CPE), long enough to convert the entire bulk solution into a desired

28



electrochemical product. In a BE experiment, the mass transfer of an analyte to the electrode
surface is aided by increasing the surface area of the electrode, introducing a stirring bar, or
trapping a small volume of the solution in a thin layer agaimeswtorking electrode (thin layer
electrolysis). For the products to be completely formed, a potential more negative (in the case of a
reduction) than the formal equilibrium potential of the system must be chosen, typically between

points C and D in Figur&.20H.

Since the potential during these experiments is constant over time, the plot typically used to
represent the results of the BE experiment isvantplot. The current response (for reaction 1.17),
under conditions where mass transfer is controlled by diffusion and stirring occurs at a constant

rate, is directly proportional to the bulk concentration of the analyte @at)0 :23
W €0 60 0O (1.19)

where nzatis the mass transfer coefficient in cm/s. Recalling from Eq. 1.11, the current is related
to the redox reaction rate. In terms of the rate of consumption of Cat, due to electrolysis and

assuming 100% current efficiency, we gét:

W & e—— (1.20)

By definition, the concentration of C&, 0, is molsof Pj) 0, per volume of solution, V,
(with the neglection of the concentration difference between bulk and electrode surface).

Therefore, we obtaif®

W & Oe—— (1.21)

Combining Egs. 1.21 and 1.19, yiefds:
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— 6" 0 w6 (1.22)
This is a typicafirst-order reaction with the following solutics:

6° o0 6 mQ (1.23)
Combining equations 1.23 and 1.19, wedet:

W O (1.24)

Therefore, the current response is expected to decay exponentially with time, and a Wgoical
experimental curve is presented in Figure 1.22. This response is ideal and based on the assumption

that the concentration is the same in the bulk and on the electrode surface.

—
2
¥

i(1)/i(0)

bt

Figurel1.22. Current vs. time plot for a BE experimeReproduced from literaturg.

The total charge transferred is the area below the plot in Figure 1.22. For a catalysis process, if
multiple products are being generated, each product's Faradaic efficiency (FE) can be calculated
by measuring the charge transferred to form that produchug Far aday 6és | aw ment

The FE is therefore given By:

"O0p — pPMMAM— PTT (1.25)
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The catalyst's turnover frequency (TOF) is defined by the moles of product formed per mole of
catalyst per unit time, Eqg. 1.26. Electrochemically, moles of product are related to the FE in Eq.

1.25. Therefore, to yield the TOF for the bulk solutfon:

YO "O

(1.26)

TOF can also be determined specifically for the diffusion layer (region close to the electrode
surface). Kinetic equations derived from mechanistic discussions similar to those described in the

CV section yield the following®

YO "O (1.27)

whereiel =(QtotaXFE)A.

1.3.Infrared Spectroelectrochemistry for Mechanistic Studies

When dealing with redox reactions, reaction intermediates can be investigated using
spectroelectrochemistry (SEC). From its name, it combines spectroscopy and electrochemistry,
more specifically CPE (whose fundamentals were explained in Section 1.2dgntdyi the
properties of the reduced/oxidized species. When a catalyst has functional groups that are infrared
(IR) reporters, IRSEC can yield insight into the structure of its redox forms. Hence, to perform
such an experiment, we need two instrumenpotantiostat and an FTIR spectrophotometer, the

setup is shown in Figure 1.23.
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Figurel1.23. FT-IR spectrophotometer coupled with a potentiostat for aBHE experimentAdapted from
literaturé® with the addition of a potentiostat to illustrate theSEC experiment.

s |

To couple the electrochemical experiment with thellRTexperiment, a modified IR cell that
allows the insertion of electrodes is used, Figure 224hen the analyte solution is introduced,

a CV experiment is done at 2mV/s to avoid potential drift causeidRioyop due to the high
Faradaic current typical of thin layer cyclic voltammeétryWhen the potential range of the
anal ytebébs redox wave is identifi edRdrapBRdtie)i s
over the redox peak range, and anlRTspectrum is taken after each potential step when the
current reaches its plateau. The rear of the back frame is covered wittahsdRing material to

allow light to only pass through the WE and ongteatt processes occurring at the WE.
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Figurel.24. IR-SEC cell A) when disassembled, (a) assembled back frame, backwiadfow, and electrode
module where the electrodes are melt sealed on a polyethylene spacer (0.2 mm thickness) (b) frontd Gakc)
polyethylene spacer (d) front frame with Teflon caps (e) screws to tighten the cell, B) when assembled.

Two resulting sets of data are therefore obtained: CPE plots (described in Figure 1.22) and the FT
IR spectra measured as a function of applied potential, Figure 1.25. An initial spectrum is taken
before applying any potential (black line). The complexigt in this figure is a [Rel(CO)]*,

where L = 3,4,7 8etramethyl,10phenanthroline, which belongs to the fbint group and
exhibits two CO stretches of symmetric and -&gtnmetric vibrational modes. Upon applying a
negative potential close to the first electron reduction, the original peaks, corresponding to
[ReL2(CO)]", decrease while two new peaks, corresponding to the first electron reduced species
(OERS), [Rek(CO)], start to appear. As the applied potential is swept to more negative
potentials, still in the first electron reduction range, the OERS peak increases while that of

[ReL2(CO)]" decreases umtno more is available to reduce close to the WE. A red shift is
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observed upon one electron reduction due to the addition of electron density into the slightly

antibonding sigma orbitals of CO, thus weakening tie Bonds and decreasing their frequency.
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Figurel1.25. FT-IR spectra of CO stretches in a [RELO)]* complex, where L is a diimine ligand, measured as a
function of applied potential (in mV vs Ag pseutdiference)Potential range corresponds to the first electron
reduction. Measured in 0.1 M TBARPK ACN, Pt minigrid WE, Pt minigrid CE, and Ag wire pseudderence.
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2.1. Abstract

Catalytic CQ reduction reactions featuring high selectivity toward formate are relatively rare. In
some systems, the use of triethylamine (TEA) and isopropanol (IPA) as additives has been
observed to improve catalytic performance to produce formate. In this workpwestigate

whether the rhenium(Bis-diimine dicarbonyl complexesjs[Re(N*N)(CO)]*, where N~N is
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2,2 bipyridine (1]*) or 3,4,7,8tetramethyl,10phenanthroline [R]*), are capable of
electrocatalytically reducing GQo formate. Catalysfl]* was ineffective at C®reduction,
yielding formate quantities comparable to those produced in experiments without the catalyst.
Catalysf2]*, however, is a promising electrocatalyst for the €@@duction reaction in the presence

of TEA and IPA, with formate being produced in millimolar concentrations (10.5 mM) as detected
by 'H NMR spectroscopy after-Bour electrolysis (Faradaic efficiency = 11%). Upon more
detailed examinatiorj2]* exhibited a turnover frequency (TOF) of 12fer formate, comparable

to other leading molecular catalysts that competently execute this reduction. Combinations of
spectroscopy, electrochemistry, and theory were used to better understand the mechanijsm of CO
reducton by [2]*. Fourier transform infrared spectroelectrochemical (FSEC) data provided

no evidence for CO ligand dissociation or substitution upon ane twoeelectron reduction of

[2]*, suggesting that a mechanism distinct from one that is +ngdaide based is operative in
catalysis. Computational studies guide mechanistic investigations toward the proposed formation
of a hydrophenanthrolinkased intermediate responsible for hydrigansfer to CQ@ and

electrocatalytic formate production frd@y]*.

2.2.Introduction

Human reliance on fossil fuel resources significantly contributes to increasingnii€sions and
rising global temperatures. Therefore, synthesizing renewable fuels usirgdLiotion reactions
(CORRs) remains a crucial field of investigation. Various approaches tRR©Ohave been
developed, including hydrogenation catalystgatalytic nanomateriafs® heterogeneous
catalysts** and homogeneous molecular catalysts leveraging pamopled electron transfer
(PCET) mechanism¥® Electrocatalytic and photocatalytic homogeneous systems designed

explicitly for CO;RRs have been widely investigatet®
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Various rhenium(l) and ruthenium(ll) based transition metal complexes are promising catalysts
for CO;RRs? In rhenium(l) complexes, investigations have focused primarily on ligand tuning of
fac-Re(N"N)(COxC | ( wh e r e-bipyride (bpy)2nd &siderivatives), mainly resulting in
selective CQ@to CO conversiofn%® Few examples of molecular rhenidmased electrocatalysts
produce formate in CfRRs!® however, thermal CO hydrogenation has been recently
demonstrated in a rhenium pincer catalystThe earliest wor¥ was conducted on
Re(bpy)(CO3H, which produced a coordinated formato ligand upon thermal insertiongh@O

the metalhydride bond. The release of formate, however, was inhibited due to the inherently
strong ReO bond formed in the insertion prodd@t! Relatedly, cis-[Ru(N*N)(CO)]**

complexes were found to release mixtures of formate and CO upgRFCEtalysig? 24

A recent investigatiol pointed to the possibility of using a rhenium(l) complex based on a
dicarbonyl ligand platformgcis[Re(bpy}»(CO)]* ([1]*), as a photocatalyst for the selective
reduction of CQto formate. Inspired by this rare example of formate production by a rhenium(l)
complex, the current work examines the possibility of uglfigfor electrocatalytic conditions. A
new plausible catalyst is then introduceik-[Re(tmpk(CO)]* ([2]*), where tmp is 3,4,7:8
tetramethyll,10.phenanthroline (Figur2.1).28 In acetonitrile/water mixtures, neithdi* nor[2]*
showed promising electrocatalytic activity, with formate produced in trace amounts of#}/ for
Recent results have successfully achieved enhancedod@mate electrocatalysis using an
amine base and isopropanol (IPA) added to the acetonitrile/electrolyte softittd&shoing this
approach, the addition of triethylamine (TEA) and IPA to the electrocatalysis solutions containing
[1]* or [2]*, formate was readily detected usitiyf NMR and FFIR spectroscopy under various
controlled potential electrolysis (CPE) experimental conditions, yath rapidly generating

millimolar quantities. Significantly lower amounts of formate were produced figmhaving a
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similar magnitude to that produced from electrolysis solutions that omitted the catalyst.
Consequently[1]* was not further investigated in the mechanistic proposals. Fourier transform
infrared spectroelectrochemistry (FFBEC) provided no evidence for releasing a CO ligand after
either one or two-electron reduction off2]*, implying a ligandbased catalytic process.
Computational mechanistic studies guided a proposal of a reduced diimine-based
intermediate responsible for GOinding and electratalytic formate production froif2]*. Our
combined findings recommend the broader exploration of eledbncissRe(N*Np(CO)]*
platforms?5:26:33:3435 well as other classes of transition metal complexes/organometallics applied
to electrocatalytic CERRs leveraging liganrtiased reduction mechanisms.

L

N, | «CO

- e\ where /\ N - N
N co N N
LN
cis-[Re(N-N),(CO),I* M1 [2]*

Figure2.1. Molecular structures of the molecules investigakath triflate[1][OTf] and hexafluorophosphate
[1][PFe] were evaluated ifiL]* and[2]*.

2.3.Resultsand Discussion
2.3.1.Catalytic Activity Assessments

2.3.1.1.Cyclic Voltammetry Profiles

Cyclic voltammetry (CV) of 1 mM1][PFe] in acetonitrile (ACN) exhibits two reversible peaks at
-1.71 and-1.92 V vs. FE° under N, consistent with prior observaticgfig® of sequential one
electron reductions of the 2@pyridine ligands in[1]*. As shown in Figure .2a, the CV
responses of1l][PFe] under saturated Nand CQ conditions are identical. This immediately

suggested thdtl]* has low activity towards the GRR in ACN without any additives. When
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voltammograms of1]* were obtained in the presence of 2 M triethylamine (TEA) and 2 M
isopropyl alcohol (IPA) in an inert atmosphere, two reductions were again observed (E2gure 2
with the second reduction being irreversible with a current maximus.@f V vs. FE°. A
significant current enhancement was observed after sparging the ACN/TEA/IPA solution with
COy, suggesting catalytic GQeduction or hydrogen evolution initiated at the second reduction
(current maximum at2.08 V vs. F&°, Figure 22b). In recent literature, similar activation has
been attributed to an aelthse reaction where TEA, IPA, and £1€d to the protonation of TEA

and the formation of isopropyl carbonate, resulting in a sligitiglified solution and, therefore,

promoting proton shuttling through TE2A2°

Next, the electrochemical properties of the tmp comf#§xwere examined because it is known
that the electromich ligands in rhenium(l) diimine tricarbonyl species increase turnover
frequencies for C@reduction®® CV of 1 mM [2][OTf] in ACN under N (Figure 22c) yielded

two reversible waves at.96 and-2.12 V vs. F&°, corresponding to the previously assigned-one
electron reductions of each of ttrap ligands in[2]*.2° The electrorrich nature of tmgeads to

ca. 200 mV cathodic shifts in the reduction potential§2i compared to[1]*. Upon the
introduction of dissolved C£)both reduction waves [2]* changed shape (Figures 2c ar2d3y

now having current maxima &.0 vs. F&° and-2.22 vs. FE°. The irreversibility paralleled with

a significant current increase at the second electron reduction suggestedd€tion and/or

hydrogen evolution electrocatalysis.

The CV was repeated in the presence of 2 M TEA and 2 M IPA. Under an inert atmosphere, the
reductions of2]* became irreversible, with current maxima k08 and-2.20 vs. F&°, Figures
2.2d and 2.4, consistent with a chemical reaction upon reduction in the presence of TEA and IPA.

The corresponding CV under G@as observed to generate significantly higher currents at both
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reductions (current maxima .0 and-2.25 vs. F&%) and was found to be irreversible. These
changes are attributed to the protonation of TEA driving theRROand hydroge®evolving
electrocatalysis. The combined CV data implies that in the presence of TEA and IPfL]both

and[2]* have enhanced catalytic activities, Wigj* demonstrating a superior catalytic current.

a. 020] ACN b. 020]2 MTEA 2 MIPA, ACN
blank under N, blank under Ar
blank under CO, blank under CO,
_ 0.154 [1][PF] under N, _ 0.159 ——[1][PFg] under Ar
E —[1][PF¢] under CO, E ——[1][PFg] under CO;
= 0.104 = 0.10
] €
2 2
S 0054 5 0.054
0.00-—# 0.004—
-0.05 T T T T -0.05 T T T T
-0.5 -1.0 1.5 -2.0 -0.5 -1.0 1.5 -20
Potential (V vs. Fc*?) Potential (V vs. Fc*?)
C. o20acn d. 020 2ZMTEA 2MIPA ACN
) blank under N, Blank Under CO,
blank under CO; Blank Under Ar
0154 [2)[0TH under N, 0451 ——[2][PF ] Under CO,
2 ——[2][OT] under CO, < —[2][PF¢] Under Ar
-~ 0104 = 010
= =
2 2
S 005 S o054
0.00 0.00
-0.05 T T T T -0.05 T T T T
0.5 1.0 15 2.0 -05 1.0 A5 20

Potential (V vs. Fc*?)

Potential (V vs. Fc*?)

Figure2.2. Cyclic voltammograms measured against an intern#? Feference in the presence and absence ef CO
for (a) [1][PFe] without additives, (bj1][PFe] with 2 M TEA and 2 M IPA, (c]2][OTf] without additives, and (d)
[2][PFe] with 2 M TEA and 2 M IPAGeneral conditions: 1 mM catalyst; 0.1 M (a, ¢) or 0.25 M (b, d) TBARF
ACN; glassy carbon working electrode; Pt coil counter electrode; Ag/AdBLO1 M) reference electrode (a, c) or
Ag wire pseudereference (b, d); scan rate = 100 mV/s.

2.3.1.2.Controlled Potential Electrolysis and Product Analysis

To quantify the products of G@eduction by1]* and[2]*, controlled potential electrolysis (CPE)
experiments in ACN containing 2 M TEA and 2 M IPA with a 1 mM catalyst loading were
conducted. The results are summarized in T2llewith total charge passeddf@as a measure of

activity and the Faradaic efficiency (FE) for formate as a measure of selectivity. However, as
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shown in Table.1, there is a consistent disparity in thewhich has been attributed to variation

in the surface area generated during the preparation of the RVC working electrode, attributed to
the inherent fragility of RVC®3'The thermodynamic potential for G&duction to formate under

these conditions is cdl.5 V vs. F&° [pKa (ACN/IPA/TEA/COJ/TBAPFs) ~ 22]383° s0 the

experiments were performed at an overpotential of 400 to 600 mV.

The gaseous products CO and Were quantified by gas chromatography in representative
experiments, which established that most charge passed during CPE gog48#/dHFE)
evolution, with only traces of CO released (2% FE). Formate was quantified by quanttative
NMR (gNMR) spectroscopy with mesitylene as an internal standard, Fig@&SX516
Reactions were conducted with both natural abundancé&’@rdbeled CQto ensure the origin

of the products. After electrolysi$;l NMR spectra showed the diaostic resonance for formate,
split into a doublet g4 = 180 Hz) when a*CQO, atmosphere was employed, Figu2e.
Additionally, FTIR-SEC was used to monitor the reaction in a-tayrer cell during C@reduction
under the conditions described above (FigR#a). A vibrational signature characteristic of
formate was observed at 1610 “tr(Figure 2.4a), which appears at 1569 ¢nunder3CQ;,

atmosphere, as expected foPEIO, (Figure 2.21).4°
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Figure2.3. Electrocatalytic reduction of CQusing[2][PFs] and product analysis 41-NMR. General conditions: 1
mM [2][PFe]; 0.25 M TBAPE in ACN; 2 M TEA and 2 M IPA. (a) Current vs time (min) plot of 6 h electrolysis.
(b) *H-NMR spectrum taken after 3 h of CPE un#f@0;. (c) *H-NMR spectrum taken after 6 h of CPE under
12C0O,. General conditions for NMR: 0.45 mL aliquot in 0.1 mL TeE
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Figure2.4. Detection of formate as a product from £RR by FTIRSEC.(a) FTIRSEC data obtained on a solution
containing[2]* (1 mM) and TBAPE (0.1 M) in ACN in the presence of TEA (2 M) and IPA (2 M) under.@€ing
Au mini-grid working electrode, Pt mirgrid counter electrode, and Ag wire pseudéerence. (b) FTIR spectrum
of an authentic sample of [TBA][HCPunder N and CQ. The dashed blue lines indicate the energies of the
bicarbonate peak growth centered at 1655 and the formate peak growth at 1610%ih
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Control experiments without a catalyst produced only002mM formate in 6 hour@able 2.1)
Bipyridine-based compleXl]* did not produce activity beyond this background. Comj$k
exhibited high activity for formate and>Hbroduction (Table2.1). The tmpbased catalyg2]*
produced up to 11.1 mM formate with FE = 12.1 %. This superior performa2f pfrallels

the results obtained in the CV experiments. As a result of this quantitative product analysis, we
focused exclusively of2]* from this point forward since it is the more promising catalytic species

for producing formate from CO

Based on the CV of2]* in the presence of GQFigure 2.2d), there was an observed current
increase in both theland 29 reductions, suggesting that formate might also be generated during
the P! reduction. To explore this possibility, CPE experiments were performed at the current
maximum of the ¥reduction 2.0 V vs. F&°) and 100 mV below-1.9 V vs. F&9). In both cases,
formate was still generatddable 2.1) demonstrating that overpotentials as low as ca. 400 mV

were accessible with this catst, albeit with slightly lower activity.

To obtain a turnover frequency (TOF), we determined that under catalytic conditions (2 M TEA,
2 M IPA, and CQatmosphere]2]* demonstrated an-§haped catalytic wave. When the catalytic
wave approaches pure kinetic conditions, thgWwas determined to be 1214 This was then
combined with a relatively low FE for formageneration (approximately 10 %) yielded a TOF of

12 s! (Table 2.2 and Figure 8.22. The TOF was found to be comparable to other leading
molecular catalyst® ultimately producing formate in high concentrations (up to 11 mM) in 6 h.
We note that such formate concentrations are suitable as a feedstock ot cascade catalysis

to produce methandt.
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Table2.1. Summary of CPE experimengNMR yields, applied potential £f), FE of formate, and charge passed
(Qc) during CPE experiment&eneral conditions: 1 mM catalyst; 0.25 M TBARFACN; 2 M TEA and 2 M IPA;
RVC working electrode; Pt coiled counter electrode; Ag wire pseefdsence; under static GO

Cat Time(h) Epp (Vvs. Fc*/0) Q. (C) NMR Yield (mM) FE%
6 8.76 0.2 0.9
[71* -2.0
4.20 0.3 2.7
6 13.84 5.1 14.3
[2]* -2.2
35.46 1.1 121
-2.2 29.63 4.0 5.2('3C0,)
[2]* 3 -2.0 9.67 2.0 7.6
-1.9 3.48 1.3 1.3
6 -2.2 8.29 0.2 1.4
None
-2.0 1.25 0.1 6.6

2.3.2.Mechanistic Studies

FTIR-SEC studies were conducted under various experimental conditions to probe the
coordination environment of the reduced fol218, visualized using its CO stretching vibrations.
Additionally, calculations were performed to support the FBEC results and propose
reasonable reaction paths. One plausible sequence involves the release of one or more CO ligands
to open a reactive sitat the metal, which could produce a metal hydride intermediate. We
hypothesized that FTHSEC monitoring of the two CO stohes as a function of applied potential
(potentials based on the CV data presented in Figauz3Swvould readily establish whether CO
dissociation occurred-igure 2.5a (black line) showed two FTIR peaks for the symmetric and
antisymmetric stretches of CO at 1909 and 1836 ofij2][OTf] . Upon oneelectron reduction,

the two vibrations disappeared and were replaced with another pair of peaksftextito 1878

and 1801 cm and attributed to the oralectron reduced species, denotefRis(Figure2 5a, red

line). Upon the second osedectron reduction, the signals @]° were replaced by another pair

of CO stretches, even further redifted to 1850 and 1770 chand attributed to the doubly
reduced species, denoted[2E (Figure2.5a, blue line). Although both CO ligands are retained

under CQ saturation in the FTIFSEC analysis, distinct species are produced. Performing the
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reduction under a CQOatmosphere, a new intermediate was observed at 1873 and 1796 c¢m
featuring a 5 cm red-shift compared to the vibrations {#]° (Figure 2.5b, purple line). This
change at the first electron reduction mirrors the reversibility profile differences and catalytic
responses observed in the CV scans in FiguiBes2.2d, S3, and S4. A further reghifted species
appeared at 1834 and 1751 tat more reducing potentials, indicating the generation of a new

Re(CO) intermediate distinct &m[2]".

" 0.100 " 0100
9% 1850 [2J[OTT], Nz, ACN 908 532 [2IIOTH]. CO,. ACN
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1836, ——-15V
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Figure2.5. FTIR-SEC data of2][OTf] in ACN. General conditions: Au mirgrid WE; Pt minigrid CE; Ag wire
pseudereference; 0.1 M TBAPRFN ACN; -1.5 V is-0.1 V past & of the first electron reduction, whité.6 V and
-1.9 V are-0.1 V and-0.3 V past the second electron reduction, respectively. (a) I2§®ITf] measured underN
and (b) 1 mM2][OTf] measured under GO

The persistence of the distinct IR pattern of the Ref@{@prbonylmoiety effectively rules out

CO dissociation as a relevant step in the @duction mechanism. The calculations presented in
Scheme 3.1 are consistent with the FTAREC experiments (Figure 5) in that such a route is
unfavorable. The REO bonds irf2]° and[2]" are relatively strong, resulting in high dissociation
energies of + 47 and + 49 kcal/mol, respectively. The favorable dissociation of CO ligand in
[Re(bpy)(CO)]° has been previously calculated to be 9.8 kcalffhehich is significantly lower

than the values fd2]° and[2]". Therefore, the mechanism(s) for £@duction by[2]* is likely

distinct from thecis-[Ru(bpyk(CO)]?* analog? and Re(N*N)(CQO)X complexes:* which have
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irreversible waves attributed to the release of a monodentate ligand (CO in the former and the

halide X in the latter), thereby opening a mdtased coordination site.

Ligand-based catalyticpathways for H and formate evolution have been reported in the
literature?>*®The changes occurring in the presence of &@/or additives between the first and
second electron reductions[@f* (Figures2.2c,2.2d, and2.5b) suggest an ECE (electron transfer

T chemical reactiofi electron transfer) mechanism. Therefore, we are proposing the mechanism
presented in Schenzel. In this reaction sequeng2]” is reduced by one electroni(fexp)=-1.96

V vs. F&° Eizcaiey= -1.78 V vs. FE9), yielding[2]°, which is in turn reduced either stepwise or

in a concerted fashion the hydrophenanthroline compléH]°. This pathway directly tracks

the ECE mechanism mentioned above. NamgB]°® readily abstracts a proton from
triethylammonium with aypG = -0.01 kcal/mol. The resulting protonated sped¢$i]* has a
calculated reduction potential €f.62 V vs. F&°. This is significantly lower than the experimental
energy necessary to prodyéd® (Euzexp)= -1.96 V vs. F&9), leading to rapid2-H]° generation.

The produced2-H]? is then further reduced at a calculated potential 207 V vs. F&° to
generatg¢2-H]-, which is considered the active species. The observed catalysis in the experimental
cyclic voltammograms has a current peak maximur2.826 V vs. F&°. Reacting with CQ [2-

H]- favorably produces formate withcgG = - 3.07 kcal/mol yieldind2]°. Additionally, [2-H]-

was shown to be highly competent for reaction with triethylammonium to libesayad-at apG

= -25 kcal/mol; this calculation supports the observation pfyés being the major identified

electrocatalysis product in terms of FEAfH] " is indeed the key intermediate.
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Et;N*
“H

H, + Et;N

AG3 =-25.0

e

\ 7/

[2-H

AG}=23.0

E;° =-2.07

+e”

CPET = 0.62

AGh =108

Scheme2.1. Proposed mechanism for the @R using [2] as a catalyst in the presence of TEA and [Pie black
dot indicates the start of the mechanigg® are in kcal/mol, E are in eV, and CPET is in eV. A stepwise reaction
scheme summarizing this proposed mechanism can be found in the S2Ee327.

The proposed mechanism in Scherfewas investigated with the assistance of FEIRC under

N2 in the presence of triethylammonium hexafluorophosphateé\ [P Fe], to mimic the proton
donor generated in the presence of IPA, TEA, and, C@ure2.6a. Before any potential was
applied to the system (FiguBsba, black line), the symmetric and antisymmetric stretches of the
coordinated CO ligands {2]* were located at 1911 and 1842 trpon oneelectron reduction

(Figure2.6a, red line)[2]* converted quantitatively intf2]°, with IR bands shifted to 1880 and
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1804 cmt. A subsequent species developed after an additional 100 mV potential was applied (1875
and 1799 cm), redshifting 5 cm' in comparison t¢2]° (Figure2.6a, purple line). An additional

IR band was also observed ne&653 cmt. These experimental vibrations resemble the calculated

IR spectrum of[2-H]°, Figure 2.6b. The additionall653 cm® feature is consistent with the
calculated band centered at 1685 ¢nzorresponding to the C=C stretch in the reduced
hydrophenanthrolindasedigand. When the potential was swept further negative (Figia,

green line), thg2-H]° speciesdepleted, and another emerged that resembled the calculated
spectrum of[2-H]-, featuring vibrational frequencies at 1843, 1757, ani635 cm' that

superimpose the experimental spectrum.

a b. o
1330875 s 101607
1911 || 1842 [2][0TH]. ACN, ' 19131 11889 g0 Computed IR
0.4 TR Te [HNEL][PFe]. No 1044 1! 0 @r
4 g before CPE X 1g20! 1809 21
1757 -14v ' [ -
Ry 030 1866 :: 11796 [;]Ho
- ; | ——-18V = | —[2HY
A T, —-18V 3 —[24]
g ' 2
< 0.15
0.0 1684
1685
I
0.00 - <=
2000 1900 1800 1700 1600 2000 1900 1800 1700

Wavenumber (cm™) Wavenumber (cm™)

Figure2.6. FTIR-SEC data of2][OTf] in ACN in the presence of [HNE[PFs]. General conditions: Au mirgrid
WE; Pt minigrid CE; Ag wire pseudoeference; 0.1 M TBARFN ACN; -1.5 V is-0.1 V past k; of the first
electron reduction, whilel.6 V and-1.9 V are-0.1 V and-0.3 V past the second electron reduction, respectively.
(a) 5 mM[2][OTf] in the presence of [HNEfPFs] under N. (b) computed in ACN.

Although ligandcentered hydrides have been previously proposed as active intermediates in
electrochemical HER*"*8 theyare rarely invoked in C£reduction, with some examples even
leading to catalyst decompositibh.Complex [2]* is a unique example where the ligand
protonation leads to effective hydride transfer to.Gahile offering a robust platform for

electrocatalytic turnover.
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2.4.Conclusions

This study explored the use of twets-[Re(N-N)2(CO)]" complexes for the electrocatalysis of
COe to formate Electrochemical and bulk electrolysis studies combined with product analysis and
computational studies demonstrated tf2Jt was superior in catalyzing the GRR, yielding
formate in millimolar concentrations in a few hours with a TOF of 4 2itbeit at low FEs. FTIR

SEC experiments combined with theoretical calculations suggef2fhahdergoes a mechanism
involving the formation of a liganased hydride as an intermediate to the production of formate.
Overall, [2]* represents a promising candieldor achieving efficient formate production from
dissolved CQin electrocatalysis and inspires the design of ligaased platforms to enable &O

to-formate reduction chemistries.
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2.6. Supporting Information
2.6.1.Experimental Section

2.6.1.1.GeneralConsiderations
Unless otherwise specified, all chemicals were used as received. The purity of sifBASPF
ensured by recrystallization from ethanol, where the resulting white, reeaibed crystals were

vacuumdried and stored under nitrogen.

Unless otherwise specifieth NMR spectra were obtained on a Bruker NEO 400 MHz NMR
spectrometer. Electrochemical studies were done using a WaveDriver bipotentiostat or a Wave
Now Wireless potentiostat controlled with Aftermath software (Pine Research Instrumentation) or
a BASI Epsibn potentiostat controlled with Epsilon softwdfer electrochemical experiments,
solutions were sparged for 20 mins with eithetdNremove oxygen or CQo be saturated as the
substrate. An Agilent 8890 gas chromatogragth ®@arbonPlot and Molsieve 5 columns in series

and a TCBFID dual detector equipped with a methanizer attachment, was used to analyze gaseous

products.

2.6.1.2.Synthesis
Compounds[1][OTf], [1][PFe], [2][OTf], [2][PFe], [TBA][HCO,], and [HNEE][PFs] were
synthesized and yieldetH NMR and FFIR spectra consistent with previously published

work 26,40,50

2.6.1.3.Electrochemistry
All cyclic voltammetry (CV) experiments were conducted using a BASi Epsilon potentostat
a lowrvolume threeelectrode cell obtained from Pine Research Instrumentation, Inc. An electrode

set consisting of a glassy carbon working electrode (3.0 mm disc OD), Pt wire counter electrode,
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and Ag/AgNQ (0.01 M in ACN) or an Ag wire pseudeference was used. Approximately 5 mL
sample solutions of 1 mM Re(l) complex in 0.1 M or 0.25 M TBAIRFACN. A continuous flow

of N2, Ar, or CQ was maintained in the headspace during scan acquisition to guarantee the absence
of oxygen. If applicable, distilled water (5% by volume) or a mixture of TEA (2 M) and IPA (2

M) was added to the electrolyte solution. Ferrocene was added after each expasian internal
standard to reference the applied patdsit CVs were measured at a scan rate of 100 mV/s, with
reproducibility ensured by at least two repetitive trials and distinct trials between two different NC

State and UNC laboratories.

2.6.1.4.Controlled Potential Electrolysis (CPE) and Product Analysis

CPE without TEA and IPAbut in the presence of 5 % watarere performed using a Pine
Research Wave Driver bipotentiostat in a customdammpartment electrochemical cell, Figure
S2.1a. Both compartments' headspace was connected by a Kontes valve that remaingétepen.
cathodic chamber held a glassy carbon rod as the working electrode and a silver wire pseudo
reference electrode (silver wire in a glass capillary containing 100 mM TBMEBEN solution
separated from the cell with porous glass frit ti)platinum coil was used as a counter electrode

in the anodic compartmerithe solutions of both compartments were sparged with {620

min. CV was performed to confirm the desired applied potential using a glassy carbon working
electrode (pretreated by conducting multiple CV scans in 100 mM TB#&R¥®eCN and drying

under a stream of )\ After returning the glassy carbon rod to the cell, CPE was performed by
applying the desired potential under vigorous stirring (1500 rgkh}he end of the electrolis

the side arm key in the working compartment was opened to let the headspace equilibrate for 10
minutes (see Figure294d). A liquid sample aliquot (450 pL) was taken from the working

compartment, and mesitylene or 1;8/5ethoxybenzene (1,3;BMB) were used as integral
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standards for quantifying formate in @ON (50 pL) by*H NMR spectroscopy (Figure2SL9. A
singlet at 173.25 ppm iFC{'H} NMR spectra further confirms the presence of formate (Figure

$2.20.

CPE in the presence of 2 M TEA and 2 M IPA experiments were conducted with a BASI Epsilon
potentiostat, using a thredectrode setip, and custormade lowvolume Hcell by Merge
Scientific Solution, LLC(Figure S2.1a)For the cathodic chamber, a eimae used working
electrode made of reticulated vitreous carbon (Rpi€)ced by a 0.5 mm graphite connected to a
platinum electrode (from CHInstruments) by coiling a copper wire (30 gauge, 0.26 mm). The
copper wire and pkinum electrode did not make direontact with the electrolyte solution at any

point during the setup or CPE experiment. The reference electrode was a silver wire pseudo
reference within a glass capillary containing 250 mM TB&REN solution separated by a
porous glass frit tip (from Pine Research). The anodic chamber contained a platinum coil acting as
the counteselectrode which was separated from the cathode by a fine frit. An air bridge connected
the upper part of the 4dell to allow gas to equilibrate. Both chambers contained 2.0 mL of
electrolyte solution consisting of: 2 M TEA, 2 M IPA, 250 mM TBAP&d ACN as the solvent.

The cathode also contained 20 mM of mesitylene (used as an NMR internal standard), a stir bar,
and 1 mM of eithefl]* or [2]*. The electrolyte solution was sparged with,@@ 10 min before
performing the electrolysis at the desired potential. After the electrolysis, 0.45 mL aliquot was
added to an NMR tube spiked with 0.1 mL of T8 The NMR data were collected on a Bruker
NEO 400 MHz spectrometer equipped lwa roomtemperature Snm BBERprobe (Bruker).
Solvent suppression data utilized a modified zgpr pulse sequence with a 17 del, 15 seconds of
which were prior to a 2 second presaturation pulse, with the offset centered on the shift for ACN

(1.99 ppm). Speca were collected with two dummy scans, 32 scans, a spectral width of 20.4851

54



ppm and an acquisition time of 2 seconds. The offset and 90 degree pulse width were calibrated

automatically for each sample using Bruker's pulsecal and bt_calibrate_ol AU programs.

The NMR yield for the CPE experiment was calculated using a known concentration of mesitylene
(20 mM) at 6.66 ppm (3H) and formate at 8.50 ppm (1H) (as shown in Bg8® S2.16). The
integrated area of mesitylene was set to 3 and the concentration of formate generated for the CPE

experiment (in mM) was calculated using the following equation:

01 BuXO

o zZ D QI Qo aowwa Qe Q
,’Oaj d[‘) "noov e, Ty e, r e, 1 1 r 1 e, by X,
01 G Qi Qo wa Qe Q

0)

01 GaXDA z 0 Qi "QO GG Qe Q

The faradaic efficiency (FE%) was calculated using the total charge pas$eui(@g the CPE

experiment and the mol of formate (2n) produced as calculated from the NMR yield, as shown

below:
¢¢e 0 zO
(@)(=) =
0
where F is Faradayodés constant (96485 C/ mol ).

At the end of the electrolysis, the side arm key in the working compartment was opened to let the
headspace equilibrate for 10 minutes (see Figure S1b). After equilibrating, 500 uL headspace
samples were taken from above the compartment solution withteggasyringe and analyzed

by gas chromatography results can be fourfigare S2.17
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2.6.1.5.Estimation of k,sand TORico2 from cyclic voltammetry
kobscan be determined from a cyclic voltammetry when the catalytic wave approaches pure kinetic

conditions (an Shape catalytic wave) by using the following expreséton:
5 8%

where j is the cathodic peak current in the absence of substrate (Fg22A% ic is the plateau
of the catalytic wave (Figure2222B), u is the scan rate of the CV; the number of electrons
involved in the catalytic reaction (2) anglia the number of electrons involved in the absence of

catalysis (2).

By taking thed/ip value at 0.91 V/s (Table .2), where the CV approaches pure kinetic conditions
(S-shape catalytic wave), we can estimate an averageok 121 s'. By considering that
approximately 10% of the current is used for the reduction oft€BICO. (faradaic efficiency

of ca. 10%) we can estimate a Ti@b2 = 12 s’.

2.6.1.6.FTIR-SEC Experiments

FTIR-SEC measurements were performed with a BASi Epsilon potentiostat and a Bruker Vertex
80v spectrophotometer or a Nicolet iS5-F equipped with a iD1 transmission accessory
(Thermo scientific). Samples with the same electrochemical conditions mehtboge were
prepared in an Nfilled glovebox and injected into an airtight cell designed by Prof. Frantisek
Hartl 5352 The cell was modified from an optically transparent thin layer cell (@Deti from
Specac) with CaFwindows to be adapted for spectroelectrochemistry (Au minigrid working
electrode, Pt minigrid counter electrode and Ag wire pseafiyence). For experiments in the

presence of C¢) sample solutions were saturated with-®@fore injection into the cell under a
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CO, atmosphere in a polyethylene glove bag (Thermo ScieftjficControlled potential
electrolysis (CPE) was performed 30 seconds before thH&REEan. CPE potentials were based

on thinlayer CVs taken in the HSEC cell at a scan rate of 2 mV/s.

2.6.1.7.Computational Methods

The Re(l) dicarbonytomplexes were optimized using the B3LYP functief@lwi t h  Gr i mme 6
D3 dispersion correctiot. The SDD + f effective core potential (ECP) and associated basis set

were used to describe the Re certétand the 6311G* basis set was used for all other atoms (C,

H, N, and O}*®°Frequency calculations were performed to confirm that all optimized structures
correspond to a local minimum on their respective potential energy surfaces. An ultrafine grid was
used in all calculations, and solvent effects (acetonitrile) were includedhei polarizable
continuum model (PCM®The Gi bbsé free energy for each co
adding the thermochemical corrections from the frequency calculations (298.15 K and 1.0 atm) to

the single point energy. Calculated reduction potentials (E°) were determinetdkrs thcough

Eq. 3:

QA Qe — 1HY ©)

aGsol is the change in solvated free energy upon reductiois, the number of electrons
transferred, andcki s Faradayds constant . The <calcul at ec
subtracting the absolute reduction potential of NHE, 4.28 Which was determined by the

aqueous solvation free energy of the proton, 265.9 kcal/mol, and converting the value relative to
Fc'/Fc . CPET is calculated as shown in Sche®&.ll calculations were carried out using the

Gaussian 16 software package (Revision A%3).
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Figure 2.1. Cell used for the controlled potential electrolysis experiméajsVas used at UNC ar(th) was used
at NC State laboratories.

Figure 2.2. Working electrode used for controllpdtential electrolysis experiments.
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2.6.2.Cyclic Voltammograra (CVS)

0.08
0.07 [2][0TT], CO, in ACN
' ——first and second electron reductions
0.06 4 —— first electron reduction
0.05 -

Current (mA)
[=]

0.02 4

0.01 4

0.00

-0.01 +

-0.02 T T T T
0.0 -0.5 -1.0 -1.5 -2.0

Potential (V vs Ag/AgNO,)

Figure 2.3. Cyclic voltammograms of catalyR2][OTf] (1 mM) CGin ACN (0.1 M TBAPF). WE: GC (3.0 mm
disk OD); CE: Pt coilreference: Ag/AgN®(0.01 M); scan rate: 100mV/s.

0.08

[2][PFg]. 2 M TEA, 2 M IPA, ACN

first electron reduction Under Ar
0.06 4 first electron reduction Under CO,
0.04 4
0.02 4
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Figure 2.4. Cyclic voltammograms of catalyR][PFe] (1 mM) in 2 M TEA, 2 M IPA and ACN (0.25 M TBARJ.
WE: GC (3.0 mm disk OD); CE: Pt coll; reference: Ag wire; scan rate: 100mV/s.
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——tmp Blank Under Ar
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Figure 2.5. Cyclic voltammograms of catalyst tmp (1 mM) €@ 2 M TEA, 2 M IPA, and ACN (0.1 M
TBAPFs). WE: GC (3.0 mm disk OD); CE: Pt coil; reference: Ag waean rate: 100mV/s.
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Figure 2.6. Cyclic voltammograms of catalyg]OTf (1 mM) CQin 20 mM [HNEg]PFs and ACN (0.1 M
TBAPFs). WE: GC (3.0 mm disk OD); CE: Pt coil; reference: Ag wire; scan rate: 100mV/s.
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Figure 2.7. Cyclic voltammograms of the catalysts (1 mM) taken in a AGV/KB5:5) solution of 0.1 M TBARSF
under inert and C@&saturated conditions. (g][PFe] and (b)[2]OTf (1 mM). WE: GC (3.0 mm disk OD); CE: Pt
coil; reference: Ag wire; scan rate: 100mV/s.

Table 2.1. Reduction potentials ¢fi]* and[2]* under various conditions.

L. 1stred (V vs. 2nd red (V vs. Extracted
Cat Additives Atmosphere Fc+0) Fct) from Figure
- Inert -1.71(r) -1.92(r) 2.2a
- CO, -1.71(r) -1.92(r) 2.2a
5 % water Inert -1.68(r) -1.88(r) S2.7a
[T 5 % water CO, -1.68 (r) -1.88(r) S2.7a
2MTEAand2 .
M TPA Inert -1.74(r) -2.07 (i) 2.2b
2MTEAand 2 .
MTPA Cco, -1.75(r) -2.08 (i) 2.2b
- Inert -1.96 (r) -2.12(r) 2.2c
- Cco, -2.00 (i) -2.22 (i) 2.2¢c
5 % water Inert -1.94 (r) -2.11(r) S2.7b
[2]* 5 % water CoO, -1.99 (i) -2.19 (i) S2.7b
2MTEAand 2 . .
M TPA Inert -1.98 (i) -2.20(i) 2.2d
2MTEAand 2 . .
MTPA CO, -2.00 (i) -2.25(i) 2.2d

(-) means no additives. (r) means reversible and (i) means irreversible. For reversible redugtioms, feported
while the potential at the current maximum was reported for irreversible reductions.

2.6.3.Spectrdor Product Analysi®f CPE Samples
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Figure 2.8.*H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hour2#t V vs. F&° of [1][PFe] (1 mM)
in the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPEnder CQ spiked with 0.1 mL of THFs. 20
mM of mesitylene (6.66 ppm) was used as an internal NMR standard, yielding 0.21 mM of formate (8.46 ppm).
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Figure 2.9. 'H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hour@ &V vs. F¢© of [1][PFe] (1 mM)
in the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPEnder CQ spikedwith 0.1 mL of THRds. 20
mM of mesitylene (6.66 ppm) was used as an internal NMR standard, yielding 0.40 mM of formate (8.51 ppm).
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Figure 2.10.*H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hour & V vs. F&° of [2][PFe] (1
mM) in the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPEnder CQ spikedwith 0.1 mL of THF
ds. 20 mM of mesitylene (6.66 ppm) was used as an internal NMR standard, yielding 5.14 mM of formate (8.50).
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Figure 2.11. 'H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hour@ &V vs. F¢° of [2][PFe] (1
mM) in the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAP&nder CQ spikedwith 0.1 mL of THF

ds. 20 mM of mesitylene (6.66 ppm) was used as an internal NMR standard, yielding 10.48 mM of formate (8.51
ppm).
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Figure 2.12. *H-NMR spectrum (400 MHz) of an aliquot of CPE after 3 hourR#t V vs. F&° of [2][PFé] (1
mM) in the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPEnder CQ spikedwith 0.1 mL of THF
ds. 20 mM of mesitylene (6.66 ppm) was used as an internal NMR standard, yielding 4.02 mM of formate (8.49

ppm).
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Figure 2.13.*H-NMR spectrum (400 MHz) of an aliquot of CPE after 3 hourd &V vs. F¢° of [2][PFe] (1
mM) in the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPEnder CQ spikedwith 0.1 mL of THF
ds. 20 mM of mesitylene (6.66 ppm) was used as an internal NMR standard, yielding 1.99 mM of formate (8.47

ppm).
64



)

S
o
S

99 97 95 93 941 89 87 85 83 841 79 77 75 73 71 6.9 6.7 6.5 6.3 6.
Chemical Shift [ppm]

9.59
>“<9 58

o7 {ﬁ4849

Figure 2.14. *H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hour2 & V vs. F&° of 2 M TEA and 2
M IPA in ACN (0.25 M TBAPF) under CQ spikedwith 0.1 mL of THFds. 20 mM of mesitylene (6.66 ppm) was
used as an internal NMR standard, yielding 0.19 mM of formate (8.49 ppm).
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Figure 2.15. 'H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hour@ & V vs. F¢° of 2 M TEA and 2
M IPA in ACN (0.25 M TBAPF) under CQ spikedwith 0.1 mL of THFds. 20 mM of mesitylene (6.66 ppm) was
used as an internal NMR standard, yielding 0.15 mM of formate (8.50 ppm).
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Figure 2.16. 'H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hour@ &V vs. F¢° of [2][PFe] (1
mM) in the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPEnder CQ spiked with 0.1 mL of THF
ds. 20 mM of mesitylene (6.66 ppm) was used as an internal NMR standard, yielding 0.15 mM of formate (8.50

ppm) red line. Green after spiking with an authentic samples of pHR].
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Figure 2.17. GC analysis after CPE éfhours at2.2 V vs. F¢° of [2][PFe] (1 mM) in the presence of 2 M TEA
and 2 M IPA in ACN (0.25 M TBAP§ under*CO..
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Atmosphere Additives Q) [HCO,] (mM) FE o2 (%)
CO, 5 % water -8.8 0.07 1.3
13CO, 1 % water -8.7 0.08 0.7
CcO, 2 M TEA and 2 M IPA 13.8 5.1 143
b.
0.0 - - 0.0
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Figure 2.18. Electrocatalysis of C&reduction by[2]* in a 95:5 ACN/HO mixture. (a) NMR yield and FE % of

formate as a product of the electrocatalysis. (b) Charge (red) and current (blue) profiles over 3 hours during CPE at
2.14 V vs. Ft°of [2][OTf] (1 mM) in 95:5 ACN/HO solution (0.1 M TBAPE) under*?CO; (dark traces) and

BCO; (light traces). This was done in theddll as presented in Figure Sla using a reticulated vitreous carbon
working electrode, Pt coil counter electrode, and a silver wire psafieieence.
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Figure 2.19.'H-NMR spectrum (400 MHz) of a-Bour CPE experiment a2.14 V vs. F&° of [2][OTf] (1 mM) in

95:5 ACN/HO solution (0.1 M TBAPE) under'?CO,. A 10% CRXCN was added to the electrolysis sample. 1,3,5
TMB (1 mM) is used as an internal standard.

67



SFN1P120-CPE.1.fid

Advisor Miller

Grant number 5118799

Onyen sergfm

After CPE Re 1mM over RVC in 5 ml MeCN + 1%H20

—8.72
26

180.60

. HECO-
‘

S
f - f T
3.68 4.31 300.00
T T T T T T T T T T T T T T T T T T T T T T T T T T
10.2 10.0 9.8 9.6 94 9.2 9.0 8.8 86 84 82 80 7.8 7.6 74 72 7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 54 5.z
f1 (ppm)
SFN1P120-CPE.2.fid
Advisor Miller
Grant number 5118799 S
Onyen sergfm g
After CPE Re 1mM over RVC in 5 ml MeCN + ‘{%HZO
Hi3CQ
L“ Ao b anm-
WJLMW Y i i WWN
T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)
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experiment at2.14 V vs. F¢° of [2][OTf] (1 mM) in 95:5 ACN/HO solution (0.1 M TBAPE) under*CQ;. 1,3,5
TMB (1 mM) is used as an internal standard. A 10%Cwas added to the electrolysis sample. 1J3viB (1
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Figure .21 Detection of formate as a product from £RR by FTIR-SEC. CPE was done 4t.7 V on a solution
of [2]* (1 mM) and TBAPE (0.25 M) in ACN in the presence of TEA (2 M) and IPA (2 M) un#@0; using Au
mini-grid working electrode, Pt mirgrid counter electrode, and Ag wire pseudterence.
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2.6.4.Miscellaneous Data
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Figure 2.22. Cyclic voltammograms dR][OTf] at different scan ratesin 2 M TEA and 2 M IPA in ACN (0.25 M
TBAPF), (a) in the absence of substrate, (b) under catalgtiditions, €) in the absence of substrate with the
current normalized by the scan rate , afjduder catalytic conditionsith the current normalized by the scan rate
WE: GC (3.0 mm disk OD); CE: Pt coil; reference: Ag wire

Table 2.2. Experimental dafip data and calculatedy Currents taken from Figure S18.

v (VIs) ip (MA)  ic (MmA) icip Kobs (s1)

0.9 0.087 0.25 2.9 117

1 0.090 0.26 2.8 125
Average 121
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Figure 2.23. Cyclic voltammograms ithe|R-SEC cell of catalyg][OTf] (1 mM) under Nin ACN (0.1 M
TBAPFs). WE: Au minigrid; CE: Pt minigrid; pseudereference: Ag wire; scan rate: 2 mV/s.

2.6.5.Computational Data

Figure 2.24. Optimized structure d&]*.

a.
“® 4 -
co e HT
“ 0 co d co Z co id H
N R‘ CO +e” N- RI wCO / ‘".‘Rl \_ N "nl GO
e, e e, —_—— e
N E°=-1.62 N, AG=+47.20 N AG=-122.59 1N,
X _N ) . _N, ) x N ) N _N ‘,
N N Ny W
Singlet - Doublet Doublet  — Singlet =
b.
@ B " co | - wt i
“ co = co _ “3 co “ co “ H
N‘-N,,F!'__.,,co +e~ "'»‘-,,,Rl'_,_.\co +e N'-.,,,RIE___.Acc ___/_, NH.‘"FL 4\-, N- -",J'___,,co
—_— —_—
11 N E°=-1.62 TN E°=-1.96 3N AG=+48.74 N AG=-65.11 171 N
X (N 1 X (N P X (N h 2, _N P = V" b
N N \ N N
Singlet - Doublet Triplet - Triplet - Singlet

Scheme 3.1. Proposed reaction pathways for cleavage of CO ligand as a route to hydride formation from complex
[2]*. (a) CO cleavage after th& électron reduction; (b) CO cleavage aftertifee2l ect r on reducti on.
kcal/mol and E° (eV) = E4.98 vs. Ft/Fc
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Scheme 3.2. Proposed reaction pathways for CPET (coupled proton and electron tragefés)protonation Gibbs
free energy in kcal/mol. Es the reduction potential energy in ®PET is in V.

Table 2.3. Comparison of the corrected IR stretches obtained from calculations with the experimental IR stretches.

Species CO stretch CO stretch C=Cstretch
Calc |Calc(corr) Exp Calc [Calc(corr)] Exp Calc [Calc(corr)] Exp
[2] 1944 1911 1911 1866 1834 1842 / / /
[2]° 1913 1880 1880 1829 1798 1804 / / /
[2-H]° 1910 1878 1875 1825 1794 1799 1685 1656 1653
[2] 1897 1865 - 1809 1778 - / / /
[2-HT 1889 1857 1843 1796 1765 1757 1684 1655 1635

Calculated stretches were obtained from Figure 6b. Corrected calculated values were obtainélying the
calculated stretches with a factor 0.983. Experimental values were obtained from Figtiren@ané not observed
under the conditions of Figure 6a. (/) means not applicable.

These equations are representative of the chemistry occurring in Scheme 1.

¢ QO ¢ on"s

G O ¢ O on"a

¢ 'O QO ¢ O O "t&
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Table 2.4. Electronic energies (E), thermal corrections to Gibbs free energies (Gcorr), and Gibbs free energies (G)
calculated at the B3LYP+D3/SDDBL1G* level of theory. All the optimizations were done with the PCM correction

to solvent (acetonitrile), hence E caims the solvation effects. The temperature (T) was set to 298.15K and the
pressure to 1 atm. All values are reported in Hartrees.

Compound E Gcorr G

Carbon monoxide -113.346947302 -0.014071 -113.361018
Carbon dioxide -188.643855360 -0.009724 | -188.653579
Formate -189.346030081 -0.003631 -189.349661

cis-[Re(tmphenXCOY]" (I) singlet | -1763.27535203 | 0.516211 | -1762.759141
cis-[Re(tmphen)CO)] (0) doublet | -1763.37508192 | 0.509531 | -1762.865551
cis-[Re(tmphen)COY] (-I) singlet | -1763.45556027 | 0.509689 | -1762.945871

Partial cleavage of diamine ligands

Re-N bondcleavage trans to CO
[Re(tmphen)(CO)XH] (1) singlet -1763.92196750 0.520140 -1763.401827
[Re(tmphen)(COXOCHO] (1) singlet | -1952.61543490 0.531917 -1952.083518

Re-N bond cleavage trans to N
[Re(tmphen)(CO)H] (1) singlet -1763.96093998 0.523706 -1763.437234
[Re(tmphen)(COXLOCHO] (I) singlet | -1952.62420911 0.533329 -1952.090880

Ligand-based Proposed mechanism
2+ -1763.275355 0.516341 -1762.759013
20 -1763.375082 0.509533 -1762.865549
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Table 2.4 (continued)

2- -1763.465202 0.505601 -1762.959601
2-H* -1763.837242 0.524972 -1763.312270
2-H° -1763.98666 0.525209 -1763.461450
2-H -1764.077089 0.519737 -1763.557353
Transition states

[2-H-ET3N ] f ir PG -2056.339907 0.720599 -2055.619307
[2-H-CO;] f dx G -1952.695632 0.522034 -1952.173598
Additives

Et:N -292.4966421 0.172223 -292.324419
EtsNH -292.9605451 0.189551 -292.770994
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Chapter 3: Photophysical and Timeresolved Infrared Properties of Long
Lived Rhenium(l) 4,5-Diazafluorene Tricarbonyl Chromophores

The contents of this chapter have been previously publishe@hemPhysChen2025
€202500008; DOI: 10.1002/cphc.202500008 with the following authors:

Reem T. Alameh, Michael C. Rosko, Evgeny O. Danilov, Nicolas Durand, and Felix N.
Castellano*

Department of Chemistry, North Carolina State University, Raleigh, NC 28595

Corresponding emaifncastel@ncsu.edu

All work presented in this Chapter was performed by me except for the synthesis of 4,5
diazafluoren9-one and 4,5liazafluorene which was done by Dr. Michael C. Rosko; building and
enhancement of the TRIR setup which was done by Dr. Evgeny O. Danilsgraadcsamples

synthesis of Re(dafH)(C&Dl and Re(dedaf)(C@EI which was done by Dr. Nicolas Durand.

3.1. Abstract

This report investigategshe synthesis, structural characterization, fundamental molecular
photophysics, electrochemistry, WWis spectroelectrochemistry, and timesolved infrared
spectroscopic properties of eigfad-Re(dafR)(CO)L]Y* complexes, where R = ethyl [(dedéf);

3,5, 7] or H [(dafH);2, 4, 6, 8] and L = Ci (1, 2), imidazole [(Im);3, 4], 4-ethylpyridine [(4Etpy);

5, 6], or pyridine [(py); 7, 8]. Universally, 1-8 yield higher energy photoluminescence (PL)
emi ssion bands and higher PL ¢u aipyudme (opyle | ds (
and 1,16phenanthroline (phen) ligated Re(l) tricarbonyl compleXés. excited state lifetimes of

1-8 lie between those corresponding to the bpy and phen derivatives, ranging from 120 and 1300
ns at room temperature. Combinations of reductive\l8/ spectroelectrochemsiry, transient
absorption spectroscopy, and timasolved infrared spectroscopy were all consistent in assigning
the lowest excited states 18 being of metato-ligand charge transfer (MLCT) character. These

new Ré MLCT chromophores follow classic energy gap law behavior and possess the
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characteristics necessary for serving as valuable photosensitizers suitable to energize excited state

electron and energy transfer photochemistry.

3.2.Introduction

Reé metatto-ligand charge transfer (MLCT) complexes of the general formdia- [
Re(N~N)(CO}L]%*, where N”N is a diimine ligand, and L is a monodentate ligand, have been a
focus of research over many decatiéliterest in these complexes originated in their fundamental
molecular photochemistry and photophysiés. It expanded across numerous valuable
applications, including photoinduced @€leasing molecules (photoCORMS), cancer
phototherapy¥!® CO. reduction catalyst$1® photoluminescence (Pijased molecular
sensorgd 2 [ight-emitting diode<?* and hostguest molecular construct¥?’ Most reports have
focused on the NAN eipyridine (o) odlelépbhenaathrolivedpheto f 2, 2
More recently, an interest flac-Re(dafR)(CO3X has emerged, where daiR4,5diazafluorene,

and its 9,9 or 9-derivatives, where X is a halide. Studies in this regard have mainly focused on
various applications of these molecuté$® The fundamental photophysical properties reported
for Re(dafR)(COX chromophores have been limited exclusively to electronic absorption and
photoluminescence specffa. Quantitative photophysical characterizations, including
photoluminescence quantum yields, excited state lifetimes, transient absorption (TA), redox
potential determinations, spectroelectrochemistry, and -tgselved infrared (TRIR)

investigations have lea entirely neglected.

Ancillary ligand tuning in Rediimine tricarbonyls is valuable as it systematically alters the
resultant photophysical properties and has been employed to derive the associated energy gap law
correlations® Using the energy gap law, the rate of nonradiative decay ¢k a series of

structurally homologous chromophores can be readily estimated as a function of PL emission
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energy (E)>®4448 This valuable tool is a molecular structyrieotophysical property guide toward
enhancing a source chromophorebs Plhesgmimant um vy
study by Caspar and Meyer focused ofae-Re(bpy)(COJL]%* series where L was systematically
varied from weaKield to strongfield ligands® By doing so, the energy gap corresponding to the
MLCT ground and excited states (the triplet PL emission energy) was readily tuned over a broad
range using noehromophoric ancillary ligands. In this present study, we report the synthesis,
structural chacterization, fundamental photophysical properties, electrochemistry,
spectroelectrochemistry, and timesolved infrared spectroscopy of eightfac
Re(dafR)(CO)L]?* complexes, where R = ethyl [(dedaf);3, 5, 7] or H [(dafH); 2, 4, 6, 8] and

L = CI (1, 2), imidazole [(Im);3, 4], 4-ethylpyridine [(4Etpy); 5, 6], or pyridine [(py);7, 8]

(Figure 3.1). As will be discussed throughotac{Re(dafR)(CO)L]¥* complexes achieve higher
energy PL emission and quantum yields relative to the corresponding bpy and phen derivatives.
The excited state lifetimes, however, resided between those of the bpy and phen derivatives.
Finally, we report a new TRIR apparatus tthevemges our previously designed ultrafast
systent>474%which is used with a second amplified Ti:sapphire laser system serving as the pump
laser. By seeding both amplifiers with the same oscillator, data was acquired in 12.5 ns steps,
thereby enabling samples to be measured well into microsecond time scaisistéht with the
combined transient absorption and PL data, these TRIR experiments confirnied #hagxhibit

MLCT excited state character.
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Figure3.1. Molecular structures of the chromophores investigated.

3.3.Results and Discussion

3.3.1.Synthesis and Characterization

Complete synthetic and structural characterization details (FiguresSS3@) are presented in

the Experimental Section; please see the Sl. To synthesize the ligands dafH and dedaf, 1,10
phenanthroline was oxidized to 4jtazafluorer9-one (dafone) aceding to a previously
published procedur®.Dafonewas then reduced to dafH by heating at 180°C in hydrazine hydrate
contained in a pressure vessel for 6 hétiBedaf was finally obtained by deprotonating dafH,

followed by a substitution reaction using ethyl brontitle.

Complexedl-10were synthesized according to the general reaction pathway presented in Scheme
3.1. The chloriddigated1 and2 were prepared using a mixture of Re(e@C)and the respective

dafR ligand in refluxing toluene for 2 htsThe triflate ¢(OTf) coordinated complexefac-
Re(dedaf)(CQOTf (9) andfac-Re(dafH)(COJOTf (10) were synthesized as intermediates to
increase lability and enhance the substitution of the chloride by the neutral ligands (Im, py, and 4
Etpy). For this purposel or 2 was refluxed in dichloromethane (DCM) in the presence of
trifluoromethanesulfonic acid for 1 hr, yieldigr 10, respectively? Complexes3 and4, which

bear an Im as the ancillary ligand, were made by sti@ing10in DCM overnight®® while 5-8,
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which have pybased ancillary ligands, were obtained by refluX@mg 10in methanol for 5 hrg?
All cationic complexes were isolated as triflate salts by either precipitation with diethyl ether or

sonication with hexanes.

co co
oc.. | co daR(1.05eq), R . | _co
/"Re’\ —_—— ] /"Re‘\
oc ‘ €O toluene, reflux, 2 h N ‘ co
Cl Cl
HOTY (6 eq.),
DCM,
reflux, 1 h
[OTf]
co co

R & ‘ L = py/4-Etpy (7 eq.), R & ‘
RS N Re,»CO MeOH, reflux, 5 h R N-... Re_.»CO
—~N"" ‘ ~co or —N"" ‘ ~co
~— L L=1Im (1.020r7 eq.), ~—

DCM, RT, stir, ovnt ot

Schemed.1. General synthetic scheme fbrl0.

Coordination was readily determined vid NMR analysis and observation of the chemical shift
characteristic to the-position of the dafH and dedaf ligands. The@8tons or 9,9liethyl groups

in the free ligand are identical by symmetry, whereas, in coordination with treeRRer, they
become locked in this orientation, losing this symm&tior the dafH coordinated moleculés (

4, 6, and8) (Figure 3.2 left spectra, representid@nd8), this resulted in two strongly coupled
doublets (tenting effect observed). Similarly, for the dedaf coordinated comple®e$,(and7)

(Figure 3.2 right spectra, representifigand 7), two separate quartets and triplets appear,
representing each ethyl group. As the differences in the chemical environments between the two
9,9-substituents became more pronounced, going from the weaker field chloridedxesh@nd

2) to the strongefield pyridine (complexe§ and8), the chemical shift difference between the

peaks of the 9;8ubstituents increased.
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Figure3.2. 'H NMR spectra (400 MHz) representing thé €H protons on dafH (left) and the ethyl protons on
dedaf (right). All spectra were measured in CPCI

The 'H NMR and FTIR spectra indicated facial geometry for thesé mRelecules. Only five

signals corresponded to aromatic carbons and protons’itCtaed'H NMR spectra, which aligns

with the symmetry plane created by the facial geometry. Additionally, three IR peaks were
observed in the FIR spectra (Figure 3.3), characteristic of the facial geometry in these
complexes. As a representative examplgossessed a higher frequency peak at 202% cm
corresponding to the symmetric CO stretches, and awer frequencies with peaks centered at
1921 and 1900 cth corresponding to the antisymmetric CO stretches. The energy of these
vibrations increased with the ancillary ligand field imposed<€@in < 4Etpy < py). Furthermore,

the antisymmetric stretches convoluted to a broad peak in the cationic complexes, consistent with
a decrease in energy difference between the antisymmetric vibrations observed in the calculated

IR spectra.
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Figure3.3. Solutionbased FAIR spectra of chromophords8, recorded in DCM.

3.3.2.Electrochemistry

Electrochemical data were acquired in acetonitrile (ACN) using a combination of cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) techniques (Figure S3.37). The redox
potentials were estimated based on DPV, whilealaetron reversibility \as assessed using CV
(Table 3.1). Two redox waves were revealed corresponding to the oxidation of the metal center at
positive potentials (R® ranging in the interval 0.99 to 1.50 V vsfrand the reduction of the

dafR ligand at negative potentigtoordinated dafR/ ranging in the intervail.82 to-1.58 V vs.

F®*). Both redox couples translated to more positive potentials upon substituting chloride with
Im, 4-Etpy, and py, roughly in that order. The energy gap derived from the oxidation and reduction
potentials (2.81 < 2.98 < 3.10 < 3.11 V) increases with angiiigand field strengthd<4 <6<

8). Metalcentered oxidation was irreversible for all the complexes investigated. Howevér, for
and2, where the ancillary ligand was a chlorided3 and4, where the ancillary ligand was an
imidazole, the reduction wave was reversible and irreversible, respectively, regardless of the

coordinated dafR ligand. As for compleXe8, where the ancillary ligand was pyridibased, the
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reduction wave alternated between reversible and irreversible depending on whether dafR is dedaf

or dafH, respectively.

Complex  Eox (V)& Erea (V)& E (V)[Y Calculated Eq.o (eV)[? Eo-o (eV)[¥ Eoc* (V) Ered* (V)
1 1.00 (i) 1.82()  2.82 2.48 2.44 -1.44 0.62
2 0.99 (i) -1.82() 281 2.48 2.45 -1.46 0.63
3 1.32 (i) 164() 296 2.59 2.54 -1.22 0.90
4 1.31 (i) -1.67()  2.98 2.56 2.57 -1.26 0.90
5 1.50 (i) 160()  3.10 2.59 2.61 111 1.01
6 1.48 (i) -1.62()  3.10 2.61 2.62 -1.14 1.00
7 1.49 (i) 158()  3.07 2.60 2.62 -1.13 1.04
8 1.48 (i) -1.63() 311 2.62 2.64 -1.16 1.01

Table 3.1. Electrochemical properties, ground/excited state energy gaps, and excited state redox pfagntials.
Oxidation (Ex) and reduction (&g potentials of complexel8 obtained vs. F¥" from DPV scans in ACN, =5 mV;

the annotations (i) and (r) represent irreversible and reversible redox waves, respectively. [b] Energy gap calculated
from Eox T Erea[c] Calculated energy difference between the excited staad'the ground state B DCM. [d] The

energy gap between the lowest vibrational states of thengr state and excited state was calculated from the
uncorrected PL spectra in ACN. [e] The excited state oxidation potengjdl, &ad the excited state reduction
potential, Bd*, in ACN calculated from RehriVeller expression®E(RE+) = E(RE€**) T Eoo and E(Re&*0) =

E(Re™) + E.o.

Uncorrected room temperature PL spectra were collected in aerated ACN to estineteoEs

these molecules (Tabl8.1, Figures 8.38 and 8.39). The energy gaps estimated from
electrochemistry, DFT calculations, and photoluminescence varied similarly and are very well
correlated (Tabl&.1, Figure 8.40). The excited state redox potentials were also calculated. The
stronger field the ligand, the more oxidizing and less reducing it became in its excited state

compared to weaker field ligands.

3.3.3.Electronic Absorption and Photoluminescence Properties

Electronic absorption spectra &8 featured two prominent bands: a lower energy peak around
375 nm (2700 Mcm?), representingMLCT absorption, and a higher energy peak at 325 nm

(>12000 Mcm?), which is assigned to dafR ligatda s e'd* "t ransiti ons, Fi
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assignments were made based on a comparison to the previously estalfiished
[Re(N~AN)(COXL]%* complexed ® and are supported by TDFT calculations. Room temperature
photoluminescence (PL) spectra, Figure 5, showed broad and structureless peaks characteristic of
3MLCT phosphorescence. While more pronounced in PL spectra, a blue shift (Table 2) was
observed in both electronic absorption and PL spectra, movindlfreBwith increasing ancillary

ligand field strength (Ck Im < 4Etpy < py). The emission maxima of the complexes bearing the
dedaf ligand 1, 3, 5, 7) generally appear at lower energies than their dafH ligand an&c§$(

8), likely due to the electredonating nature of the ethyl groups.

500

L] L]
300 400 500 600
Wavelength (nm)

Figure3.4. Electronic absorption spectra b8 measured in DCM.
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Figure3.5. Normalized, static PL spectra ©8, measured in deaeratBM at room temperaturex = 410 nm.

PL quantum yields and lifetimes were measured in deaerated DCM. Lifetimes were estimated
using single exponential fits, which adequately modeled the decay kinetics in all instances (Figures
S3.41-S3.44). As the general trend in the PL and electrochemical measurements suggests, the
energy gap between the ground state and the excited state increased with ancillafyeldyand
strength (Cl< Im < 4Etpy < py). A similar trend is held in terms of PL quantum yields and
lifetimes (Table 2 and Figure 6). PL quiam yields significantly increased from 4.4% {0 52.7%

(8). Similarly, the excited state lifetimes increased from 14&@n(1298 ns§), all because of

the systematically increasing energy gap, which led to substantial modifications to the nonradiative

decay rate constantrkacross the series of chromophores.
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The Ré molecules bearing the dedaf ligant 8, 5, 7) possessed lower quantum yields and

lifetimes than their analogs bearing the dafH liga2dd( 6, 8) due to the extra flexibility in the

ethyl groups resulting in the loss of energy as nonradiative decay, which follows the same trend

where PL spectra were uniformly bishifted as described above. This effect held-i@, where

the PL quantum yields (43.6 < 47.0 < 48.3 < 52.7%) and excited state lifetimes (1050 < 1142 <

1256 < 1298 ns) increased as tiumber of resident ethyl groups decreaSeth(ee ethyl groups

> 7, two ethyl groups 8, one ethyl group 8, no ethyl groups), respectively.

Complex  aws( nm) [3idmijo @em (NM)[! (D)  Gm@ns)d ke (x10° sl ke (x10° sLlel
* MLCT -( )

1 329 [12.97] 374 [2.97] 508 3.9 120 3.2 80
401 [2.29]

2 327 [14.67] 372 [2.78] 596 4.4 146 3.0 65
399 [2.20]

3 332 [12.75] 359 [2.59] 562 14.7 411 3.6 21
392 [1.65]

4 327 [17.88] 356 [3.53] 557 17.3 529 3.3 16
385 [2.33]

5 333[11.92] 356 [2.71] 538 43.6 1050 4.2 5.4
388 [1.60]

6 327 [17.69] 354 [3.87] 534 48.3 1256 3.8 4.1
380 [2.52]

7 333 [18.26] 356 [4.30] 534 47.0 1142 41 46
387 [2.39]

8 327 [18.71] 351 [4.27] 530 52.7 1298 4.1 3.6
380 [2.50]

Table3.2. Summary of the electronic absorption, photoluminescence, and calculated photophysical proge&ies of
in CHxCl,. [a] Absorption wavelengthaf,y at the maxima in the electronic absorption spectra. [b] Emission
corrected

wavelength ém) at the maxi

Excited state

B I i f et iecmetd0%a[s] Radiativea(k andendnrablitive ghndecaysrates were( U]
cal cul at e dasfolowsnk=0 Wand kg = (1- 0 )U/AIl measurements were performed in deaerated DCM.

mu m

of

PL

spectra.
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Figure3.6. Photoluminescence intensity decay tracet-8imeasured in deaerated DCM.

3.3.4.Nanosecond TransieAbsorption Spectra

All chromophores exhibited similar nanosecond transient UV/vis absorptieRA)nspectral

profiles in their difference spectra, abdFigure 7) was used as being representative of the series

of molecules (Figures345 and S.46). These Rechromophores exhibited strong excited state
absorptions over the entire visible light spectrum, with two peak maxima apparent near 425 and
392 nm following 410 nm nanosecond pulsed laser excitation. The spectral profiles are consistent
with the nsTA difference spectra reported from similéaciRe(N*N)(CO}L]%* complexes$?®
Singl e wavel en gty 425inm)gicldedas1048 nsdifetims (Figure§dd-and

S3.48), quantitatively consistent with that obtained from the PL intensity decay data (1050 ns).
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Similar consistency of lifetimes for all the other molecules from this series is summarized in Table
S3.1. The TA spectra also match UV/Vis spectroelectrochemical spectra obtained at the reduction
of the complexes (Figures3g9 and 8.50), corresponding to the diimidgand oneelectron
reduction. This is consistent with the observed positive transient feature corresponding to the
SMLCT excited state decaying back to the ground state. The PL aPAl data are consistent with

all Re complexes reported in this study as possessing the lowest energy MLCT excited state

character.
5, DCM, ex. 410 nm
—0s
0.06 - — 0.9 us
— 10 us
0.04 -
wn
3

0.02

0.00

400 500 600 700 800
Wavelength (nm)

Figure 3.7. Nanosecond transient absorption difference spectra obtained in DGMreffresentative of the entire
series unde rx=#10 nne putse egeagy + dnml/pulse-
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Insights into the transient miR changes in the NCO stretching vibrations would also support

the MLCT character of the lowest excited states in these molecules. To this end, we conceived an
alternative approach to recording nanoseetnahicrosecond tire-resolved infrared spectra (ns
TRIR), which enhanced the sigralnoise ratio compared to our original s&&gan
instrumentation. While our laboratory had previously reported ultrafast TRIR daté,briNi' 48

and Récomplexes?®*°time resolution beyond the ~4 nanosecond time range was not feasible.
The apparatus was therefore modified by introducing a second Ti:sapphire amplifier, with both
amplifiers now seeded from a standard 80 MHz oscillator, which allows for 12.5 ns meagureme
steps between the pump and the probe beams and the characterizatiorie¢tbegcited states

using our original ultrafast detection system. This apparatus is similar in design to one reported by
the Rutherford Appleton Laboratory in 2012Kinetic traces and spectral -TRIR data were
obtained for complexet-8 in deaerated DCM following visibleght MLCT excitation. As was

the case for R A, all complexes exhibited similar TRIR features. Molecdlesd5 were chosen

as representatives of their respective series. The remaining data acquired is collected in the Sl
(Figures 851 and 8.52). The TRIR difference spectrum bfFigure 8a) showed three negative
peaks corresponding to the bleaching signals at 1903, 1913, and 2baBdthregositive peaks
corresponding to new transient absorptions at 1951, 1981, and 2059 leentwo lower energy

peaks at 1951 and 1981 ¢nsorrespond to the antisymmetric CO stretches, while the higher
energy peak at 2058 corresponds to the symmetric CO stretch iNE@T state. In3-8, the
antisymmetric CO stretches of the ground state overlap, therefore appearing as a single broad peak
as mentioned earlier (Figure 3). Consequently, a broad peak corresponding to the antisymmetric
CO stretches appears &3B cm' as a bleach ib (Figure 8b). The symmetric CO stretch did not

completely bleach at 2035 ¢m | i kely due to the excited spe

92



absorption. Similarly td, three excited state absorption peaks appear at 1966, 2006, and 2056 cm

for 5. The shift of the CO vibrations to higher energies following photoexcitation confirms MLCT
character. As the metal is transiently oxidized fromt®Re', -b'ack bonding from th
decreases, transiently increasing the l2@d order and corresponding vibrational frequerfSies.

This shift is also in confirmation with the calculated TRIR spectrum obtained by substracting the

IR spectrum of the ¢State from that of thesTstate for complet shown in Figure 9.

0.004

[a] [b]
0.004 /\/\//\
/v’\ 0.000 - ,‘
0.000 . —\ 5in DCM ‘
0 \/ ®» 12ns
2 1in DCM 2 —96ns
g 125ns < -0.004 180 ns
-0.004{——375ns 300 ns
62.5ns 456 ns
100 ns —708 ns
162.5ns —— 1044 ns
-0.008 {——3125ns -0.0084 ___1g60ns
——1387.5ns ——7608 ns
2075 2050 2025 2000 1975 1950 1925 2050 2025 2000 1975 1950 1925 1900
Wavenumber (cm™) Wavenumber (cm™')

Figure3.8. Nanosecond TRIR spectra of fahnd [b]5 were measured in deaerated DCMxat= 400 nm and power
= 8.3uJ/pulse, using femtosecond amplified laser pulses.
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Figure3.9. Comparison of the calculated TRIR difference spectrum (black) and the experimental TRIR difference
spectrum (red) for complek The experimental ground state IR spectrum measured in DCM is shown in dashed
blue for reference.
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3.3.5.Adherence to the Energy Gap Law

The energy gap law plots in Figure 10 (l# ¥s. PL emission energy) summarize the above
photophysical properties and simplify the comparisons between the various N*N type ligands.
Similar to a previous study by the T.J. Meyer group performed fac-&p(bpy)(CO)L]** series

of molecules (Figure 10, red dofshe currently studieddc-Re(dafR)(CO)L]** also adhered to

the energy gap law (Figure 10, black dots). DatafamRe(phen)(CQ)L]** complexes was also
gathered from previous literature repetf§ and is represented in Figure 10 by blue dots, except
for fac-Re(phen)(CQ)LI, which was measured in the current study due to discrepancies in its
emission energy and lifetime independently reported by Kalyanasun@idarag and Wrighton.

The PL emission energy (16367 ¢ynmeasured here was closer to that of Kalyanasundaram
(16611 cm). At the same time, the lifetime (306 ns) and quantum yield (3.9%) matched that of
Mor se and Wr i gh teas3.6%) it exderihentalsrroa fihe lovest emission
energy data point from each series represented the chtmantdinated complex. Moleculésand

2, representing the dafR series, featured interestingly higher emission energies théac-both

Re(bpy)(COJCI and fac-Re(phen)(CQYCIl. This could be attributed to the lower electron

del ocalization on the ~* orbital ®dcarbodfading | i ga
the two rings. As a result, the ~* orbital of
i ncreasekenkrgy gap compared to phen. Consi ste

quantum yield ir2 (4.4%) was higher than the quantum yields of bathRe(bpy)(CO)C | en{ U

= 0.5%9 andfac-Re(phen)(CQC |  en(=3.9%). Chromophorg, featuring alkyl groups that will
necessarily enhance nonradiati veem®d398)rasthatat i on
of fac-Re(phen)(CQICI. On the other hand, the excited state lifetimesaid2( U = 120 and

ns, respectively) resided between those of HathRe(bpy)(CO3C I (U =andfde ns)
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Re(phen)(CQC | (U = 300 ns). This could be explaine

polypyridyl ligands, which can be organized as follows: bpy < dafR < phen. The more rigid the
diimine ligand framework, the less distorted the resultant excited state¢harefore, leads to
attenuated overlap between the vibrational states of the excited state and ground state, leading to
less nonradiative deactivation, lengthening the excited state lifetime. ThustypaffRgands

would be more beneficidbr applications requiring higher energy PL emissions and quantum
yields, whereas phen ligands would be preferred when longer lifetimes are desired, such as

bimolecular excited state reactions.

While the dafR and the bpy series lie on similar energy gap trend lines, the phen series lies on a
trend line with a significantly different intercept but remains parallel to that of the bpy and dafR
series. The same phenomenon was observed by the Maiytdlip when studying Caomplexes,

where aryl substituents on the 8sitions of a phen ligand led to a distinct correlation with a
lower In(k:) intercept as to where alkyl substituents were GS®¢hile studying Rli complexes,

the Cook group also noted in earlier reports lowerv#lues as they added aryl substituents into

t h e - pbsitidnd of bp§* and 4 and 4,7 positions of the phéAthan expected from the Ingk

plot vs. emission energy obtained for a series with alkyl substituents. Moreover, the more aryl
rings they added, the lower the measureddues, which was anticipated from the original alkyl
correlation®? Therefore, since the dafR ligands can be considered alkylated versions of bpy,
whereas phen bears an extra aryl ring, the trend observed in this contribution mirrors what has
been reported. According to this trend, future work to this end would reqaigatlition of aryl
substituents to daf/pe ligands, which may result in significant enhancements across all three

measured photophysical parametersn(Eenii  aem).d U
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Figure3.10. Energy gap law plot offic-Re(N~N)(CO}L]** complexes, where N~N = dafR (black), bpy (red), or
phen (blue). The dafR series is based on data collected in this study, while data relevant foaihe pipgpf->°
series were collected from previous literature. All represented data points refer to measurements in deaerated DCM.

3.4.Conclusion

This manuscript provides a fundamental and quantitative evaluation of the promising
photophysical properties ofac-Re(dafR)(COIX complexes bearing 4&iazafluorendype
ligands. The title Rechromophores yield high energy PL emissions with corresponding high PL
guantum vyields and long excited state lifetimgsing a battery of spectroscopic techniques,
including reductive UWis spectroelectrochemistry, transient absorption spectroscopy, and time
resolved infrared spectroscopy, the lowest excitedsstate-8 were determined to be MLCT in
character. This series of RALCT chromophores follow classic energy gap law behavior and
possess the characteristics necessary to serve as valuable PL emitteremi$igian applications

and photosensitizers suitable for energizing excited state electron and energy transfer

phobchemistry.
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3.6. Supporting Information
3.6.1.Experimental

3.6.1.1.General

All syntheses were carried out under a positive flow of nitrogen gas, except for the syntheses of
4,5-diazafluorenone and 4gdiazafluorene. Reagents were purchased from Strem Chemicals,
Fischer Scientific, VWR, or Cambridge Isotope Laboratories. For rggecipic measurements,
dichloromethane was used as purified by MBraun solvent purification system and was maintained
under nitrogen atmosphere. Electronic absorption extinction coefficients were obtained using a
Shimadzu UV3600 spectrophotometer. A Bruk&vance NEO spectrometer was used to record

H NMR spectra (operating at 400 MHz) afi@ NMR spectra (operating at 101 MHZ1 NMR

peak splitting was referred to using the following abbreviations: singlet (s), doublet (d), triplet (t),
guartet (q), doublet of doublet (dd), triplet of triplets (tt), doublet of doublets of doublets (ddd),
and multiplet (m). Elemental analysis (CHNas performed by Atlantic Microlab, Inc. Solution
based FAIR spectra were collected using Bruker Vertex 80v spectrophotonigéstrospray
ionization mass spectrometry (ERIS) was conducted on a Waters-&3 QTof operating in

positive ion mode by the Mass Spectrometry and Metabolics Core (MSMC) facility at Michigan
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State University (MSU). ESMS samples were dissolved and diluted in DCM then analyzed by

flow-injection analysis (no column) with a 95% ACN/ 5%Hmobile phase.

3.6.1.2.Synthesis

4,5diazafluorenone (dafone)

This molecule was synthesized via a literature procetddre.a 1000 mL tweneck round bottom,

a stir bar, 1,1gphenanthroline (2.5 g, 13.9 mmol, 1 eq.), KOH (2.5 g, 44.6 mmol, 3.2 eq.), and DI
water (187.5 mL). The solution was then heated to reflux. A separate solution was prepared in a
250 mL round bottom witiKMnOas (6.25 g, 39.8 mmol, 2.9 eq.) and DI water (100 mL), and
heated to 90 . Qeolutedn wae sbowlg adided to theerefliskilbns@ution over

the course of 3 hrs. The refluxing solution initially turned g#elere upon addition of the KMnO

then brown. The solution was then cooled to room temperature and added to a separatory funnel
and washed with dichloromethane (3 x 80 mL). The organic layer was collected and dried with
MgSQs. The solution was dried via rotary evaporation and purified via flash chromatography using
ethyl acetate as the eluent. The product was obtained as a white solid. Yield: 45% (4HL3 g).
NMR (400 MHz, CDC4) U 8. 73=5(;2B8Hz), @.98,(2H, dd=7.5; 1.6 Hz), 7.34 (2H,
dd,J=7.7; 5.1 Hz). HRMS (ESTOF) vz [dafone + H]* Calcd for GiH7N20O 183.0553; Found

183.0561.
4,5diazafluorene (dafH)

This molecule was synthesized via a literature procel(ieis reaction needs to be handled with
care in a specialized pressure reactor, for it contains a flammable reagent (hydrazine hydrate) and
is performed at a high temperature and pressure. Alongside a stir bar, dafone (1.0 g, 5.5 mmol, 1

eq.) and hydrazinbydrate (7.0 mL, 144 mmol, 26.1 eq.) were added to a 50 mL Tified
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bomb, and heated to 180 for 6 hrs. Af ter
temperature, it was added to a separatory funnel and washed with DCM (4 x 50 mL). The organic
layer was collected and dried with MgSO4. The solution was dried vigy ret@aporation and

purified via flash chromatography using ethyl acetate as the eluent. The product was obtained as a
white solid. Yield: 38% (0.354 g¥H NMR (400 MHz, CDCY) U 8. 6 a=4(821B Hz),d d ,
7.77 (2H, ddJ=7.6; 1.3 Hz), 7.18 (2H, dd,= 7.7; 4.8 Hz), 3.74 (2H, s). HRMS (ESOF)m/z

[dafH + H']* Calcd for GiHeN2 169.0760; Found 169.0766.
9,9%-diethyl-4,5-diazafluorene (dedaf)

This ligand was prepared similarly to previous literairBodiumtert-butoxide (857 mg, 8.92
mmol, 3 eq.) was added to a solution of dafH (500 mg, 2.97 mmol, 1 eq.) in tetrahydrofuran (15
mL), resulting in a color change from white to deep purple. Ethyl bromide (0.66 mL, 8.92 mmol,
3 eq.) was added to the solution and etirior 3 hrs at RT in the dark. A blue precipitate appeared
and was filtered by vacuum filtration and discarded while the red filtrate was kept, and solvent was
removed by rotary evaporation. The resulting dark red oil was dissolved in 30 tatamd the
product was extracted with DCM (3 x 40 mL). The organic layer was dried with Mg8@ the
solvent removed with rotary evaporation to give a palebresvn solid. Yield: 90%!H NMR

(400 MHz, CDC$) 0 8. 7 0=4(9d1 Hz),Z FQ (dd, 2H,= 7.7; 1.2 Hz), 7.29 (dd, 2H,
J=7.7, 4.9 Hz), 2.06 (q, 4H,= 7.5 Hz), 0.39 (t, 6H) = 7.5 Hz). HRMS (ESITOF) m/z [dedaf

+ H*]" Calcd for GsH17N2 225.1386; Found 225.1399.
Re(dedaf)(CO}CI [1]
Re(CO3Cl (600 mg, 1.66 mmol, 1 eq.) and dedaf (391 mg, 1.74 mmol, 1.05 eq.) were mixed with

toluene (20 mL). The mixture was refluxed for 2 hrs upon which a bright yellow solid precipitated.
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The solid was collected by vacuum filtration. Yield: 99#NMR (400 MHz,CDCJ) & 8. 7 2
2H,J = 5.4; 0.9 Hz), 7.92 (dd, 2H,= 7.7; 0.9 Hz), 7.51 (dd, 2H,= 7.7; 5.4 Hz), 2.16 (q, 2H,

= 7.5 Hz), 2.11 (g, 2H] = 7.5 Hz), 0.69 (t, 3HJ = 7.5 Hz), 0.53 (t, 3HJ = 7.5 Hz).13C NMR

(101 MHz, CDC}) ua 161. 05, 150. 18, 143. 95, 133. 72,
Elem. anal. (Calcd: C, 40.79; H, 3.04; N, 5.29. Found: C, 40.61; H, 2.97; N, 5.24.) HRMS (ESI

TOF)m/z: [1 -CI + CHsCN]" Calcdfor CzoH190N30OsRe 536.0984; Found 536.0989.
Re(dafH)(CO)sCI [2]

This was prepared similarly to Yield: 96%.'H NMR (400 MHz, CDCY) 1i8.77 (dd, 2H,) = 5.3;

1.0 Hz), 8.10 (dd, 2H] = 7.9; 1.0 Hz), 7.54 (dd, 2H,= 7.9; 5.3 Hz), 4.35 (d, 1H,= 21.7 Hz),

4.28 (d, 1HJ = 21.7 Hz) *C NMR (101 MHz, CDGJ) i161.61, 150.25, 136.29, 135.70, 126.37,
36.69. Elem. anal. (Calcd: C, 35.48; H, 1.70; N, 5.91. Found: C, 35.37; H, 1.58; N, 5.88.) HRMS

(ESETOF) Mz [2 -CI + CHsCN]* Calcd for GeH1iNsOsRe 480.0358; Fourdi80.0361.
Re(dedaf)(COpOT [9]

To a solution ofl (600 mg, 1.13 mmol, 1 eq.) in DCM (20 mL), trifluoromethanesulfonic acid
(HOTf, 0.56 mL, 6.78 mmol, 6 eq.) was added. The solution was refluxed for 1 hr, then left to cool
to room temperature. A yellow solid was precipitated upon the dropwise additiiettofl ether
whilst stirring. The precipitate was isolated by vacuum filtration. Yield: 92#NMR (400 MHz,
CDCL) U 8. 7 &=5(BMd0d Hz),B.BL (dd, 2H,= 7.8; 0.9 Hz), 7.59 (dd, 2H,= 7.8; 5.4

Hz), 2.16 (q, 2H,]) = 7.4 H), 2.13 (g, 2H,J = 7.4 HZ), 0.71 (t, 3H) = 7.4 Hz), 0.54 (t, 3H] =

7.4 Hz).3*C NMR (101 MHz, CDGJ) a 161. 11, 150. 94, 144. 009,

30.19, 9.49, 8.82. Elem. anal. (Calcd: C, 35.46; H, 2.51; N, 4.35. Found: C, 35.25; H, 2.56; N,
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4.29.) HRMS (ESITOF) miz: [1 -CI- + CHsCNJ* Calcd for GeHidNsOsRe 536.0984; Found

536.0987.
Re(dafH)(CO)OTf [10]

This was prepared similarly @ Yield: 82%.!H NMR (400 MHz,CDCJ) & 8. 8J1=54,dd, 2H
1.0 Hz), 8.20 (dd, 2H] = 7.8; 1.0 Hz), 7.62 (dd, 2H,= 7.8; 5.4 Hz), 4.41 (d, 1H,= 21.7 Hz),

4.33(d, 1HJ=21.7 Hz)®*C NMR (101MHz,CDG)) 4 161.86, 151.01, 136.
36.74. Elem. anal. (Calcd: C, 30.67; H, 1.37; N, 4.77. Found: C, 30.58; H, 1.26; N, 4.74.) HRMS

(ESFTOF)m/z [1 -CI + CH:CN]* Caled for GeH1:NsOsRe 480.0358; Found 480.0358.
[Re(dedaf)(COR(IM)[OTH [3]

Imidazole (11 mg, 0.16 mmol, 1.02 eq.) was added to a solut®(160 mg, 0.155 mmol, 1 eq.)

in DCM (10 mL). The solution was stirred overnight at room temperature. The solvent was
removed via rotary evaporation to give an oily product. Hexanes was added to the mixture and
sonicated for 2 hrs precipitate a yellow sol@blvent was removed via rotary evaporation and
sonication was repeated for purification as needed. Finally, the yellow solid was filtered through
vacuum filtration. Yield: 90%'H NMR (400 MHz,CDCY) &4 12.10 (broad s, 1
J=5.4, 1.0 Hz)8.05 (dd, 2H, = 7.8; 1.0 Hz), 7.70 (dd, 2H,= 7.8; 5.4 Hz), 7.20 (s, 1H), 6.84

(s, 1H), 6.60 (s, 1H), 2.15 (g, 2B= 7.4 Hz), 2.07 (g, 2H] = 7.4 Hz), 0.69 (t, 3H] = 7.4 Hz),

0.19 (t, 3H,J = 7.4 Hz).2*C NMR (101 MHz, CDGJ) a4 160. 45, 150. 31, 144.
128.77,128.11, 118.78, 60.89, 30.13, 29.99, 9.43, 8.22. Elem. anal. (Calcd: C, 37.13; H, 2.83; N,
7.87. Found: C, 36.37; H, 2.79; N, 8.14.) B8% (positive) Mz [3 -OTf]* Calcd for

C21H20N40OzRe 563.1093; Found 563.1096.
[Re(dafH)(CO)s(Im)][OTH] [4]
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Imidazole (81.1 mg, 1.19 mmol, 7 eq.) was added to a solutitf @00 mg, 0.17 mmol, 1 eq.)

in 10 mL DCM, which was stirred overnight at room temperature. The solvent was removed via
rotary evaporation to yield a concentrated dark greenish solution and diethyl ether was slowly
added while stirring, resulting in the foation of a red fluid that stuck to the glass walls and rested

in the bottom of the flask. The mixture was left to stir for 1 hr, upon which the red fluid was
converted into a greeniglellow precipitate. Yield: 73%H NMR (400 MHz, CDC§) G 11. 66
(broad s, 1H), 8.75 (dd, 2H= 5.4; 1.0 Hz), 8.25 (dd, 2H,= 7.8; 1.0 Hz), 7.66 (dd, 2H,= 7.8;

5.4 Hz), 6.98 (g, 1H) = 1.6 Hz), 6.89 (m, 2H), 4.61 (d, 18l= 21.7 HZ), 4.35 (d, 1H] = 21.7

Hz). *C NMR (101 MHz, CDQ) u 161. 16, 150. 19, 137. 86, 13°
118.58, 37.27. Elem. anal. (Calcd: C, 32.98; H, 1.85; N, 8.55. Found: C, 33.12; H, 1.82; N, 8.71.)

HRMS (ESHTOF) m/z [4 -OTf]* Calcd for G7H12N.OsRe 507.0467; Found 507.0483.
[Re(dedaf)(COR(4-Etpy)][OTH] [5]

Complex9 (100 mg, 0.155 mmol, 1 eq.) was dissolved in methanol (22 mL). The solution was
heated until solid was entirely dissolved, following whiecbthylpyridine (1244L, 1.09 mmol, 7

eg.) was added, and the solution was refluxed for 4.5 hours. The solvent was removed, and the
resulting precipitate or oil was redissolved in DCM and precipitated via slow addition of diethyl

ether while stirring. The solution was left tar $or 1 hr to allow for the precipitation of a yellow

solid which was then colleaeby vacuum filtration. Yield: 95%4H NMR (400 MHz, CDC4) i

8.95 (dd, 2H,) = 5.4; 1.0 Hz), 8.14 (m, 4H), 7.89 (dd, 2Hs 7.8; 5.4 Hz), 7.16 (m, 2H), 2.54 (q,

2H,J = 7.6 Hz), 2.17 (q, 2H] = 7.4 Hz), 2.05 (q, 2H] = 7.4 Hz), 1.08 (t, 3H) = 7.6 Hz), 0.65

(t, 3H,J = 7.4 Hz),-0.14 (t, 3H,J = 7.4 Hz)."*C NMR (101 MHz, CDGJ) U 160. 26, 15

151.85, 150.65, 144.57, 136.16, 129.10, 126.66, 60.99, 29.98, 29.93, 28.24, 13.73, 9.36, 7.86.
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Elem. anal. (Calcd: C, 41.6; H, 3.36; N, 5.60. Found: C, 41.78; H, 3.47; N, 5.61.) HRMS (ESI

TOF)m/z [5-OTf]" Calcd. for GsHzsN3OsRe 602.1453; Found 602.1462.
[Re(dafH)(CO)s(4-Etpy)][OTf] [6]

This was prepared similarly {6]. Yield: 85%.'H NMR (400 MHz, CDCJ) & 8. 80= ( dd,
5.4; 1.0 Hz), 8.38 (dd, 2H,= 7.8; 1.0 Hz), 8.14 (m, 2H), 7.73 (dd, 2H; 7.8; 5.4 Hz), 7.19 (m,

2H), 4.82 (d, 1H,) = 22.3 Hz), 4.41 (d, 1H] = 22.3 Hz), 2.60 (q, 2H] = 7.6 Hz), 1.16 (t, 3H)
=7.6Hz)3CNMR (101MHz,CDG)) & 161. 28, 158. 1513862,527.9578, 14
126.86, 37.70, 28.22, 13.30. Elem. anal. (Calcd: C, 38.04; H, 2.47; N, 6.05. Found: C, 37.97; H,
2.48; N, 6.03.) HRMS (ESTOF) m/iz [6 -OTf]* Calcd for GiHi7N3OsRe 546.0827; Found

546.0834.
[Re(dedaf)(COR(pY)I[OTH] [7]

This complex was prepared similarly[f]. Yield: 96%.'"H NMR (400 MHz,CDCJ) U 8. 97 ( d
2H,J = 5.4; 1.0 Hz), 8.33 (m, 2H), 8.12 (dd, 2K 7.8; 1.0 Hz), 7.88 (dd, 2H,= 7.8; 5.4 Hz),

7.76 (tt, 1HJ = 7.7; 1.5 Hz), 7.38 (ddd, 2H,= 7.7; 4.8; 1.5 Hz), 2.17 (g, 2H,= 7.4 Hz), 2.04

(g, 2H,J = 7.4 Hz), 0.65 (t, 3H] = 7.4 HZz),-0.10 (t, 3H,J = 7.4 HZ).23C NMR (101 MHz, CDQ))

a4 160. 24, 152. 46, 150. 73, 144. 62, 139. 87, 136
Elem. anal. (CalcdC, 39.89; H, 2.93; N, 5.81. Found: C, 39.99; H, 2.94; N, 5.79.) HRMS (ESI

TOF)m/z: [7 -OTf]* Calcd for GaH21N3OsRe 574.1140; Found 574.1151.
[Re(dafH)(CO)s(py)][OTT] [8]

This was prepared similarly {6]. Yield: 92%.'H NMR (400 MHz,CDCJ) U 8. %54 d, 2H
Hz), 8.36 (d, 2HJ = 7.8 Hz), 8.31 (m, 2H), 7.81 (it, 1A= 7.7; 1.5 Hz), 7.74 (dd, 2H,= 7.8;
5.4 Hz), 7.40 (ddd, 2Hl = 7.7; 4.8; 1.5 Hz), 4.79 (d,1H,= 22.3 Hz), 4.40 (d, 1H] = 22.3 Hz).
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B3CNMR (101 MHz,CDG) U 161.30, 152.43, 149.78, 140.
37.68. Elem. anal. (Calcd: C, 36.04; H, 1.97; N, 6.30. Found: C, 36.26; H, 1.97; N, 6.25.) HRMS

(ESFTOF)m/z [8 -OTf]"* Calcd for GoH13N3OsRe 518.0514; Found 518.0519.

3.6.1.3.Electrochemistry and Spectroelectrochemistry

Electrochemical and spectroelectrochemical measurements were performed using a CH
Instruments potentiostat (Model CHIG50E) in a nitrogen atmosphere glovebox. All
electrochemical and spectroelectrochemical measurements were carried out in an acetonitrile
electrolyte solution containing tetrabutylammonium hexafluorophosphate (0.1 M). For CV and
DPV experiments, a platinum disk (1.6 mm OD) was used as a working electrode (WE), a platinum
coil was used as a counter electrode (CE), and Ag/Agfd@1 M) was use@s a reference
electrode (RE). CV scans were obtained at 100 mV/s and in the presence of ferrocene as an internal
standard. Oxidation and reduction potentials were obtained from the respective DPV scans.
UV/Vis spectroelectrochemical measurements wemgechout using a Pt/Pt (WE/CE) honeycomb
electrode and cuvette set (Pine Research Instrumentation, Inc.) and Ag/AQGRO M) as a
reference. An Ocean Optics HR2000+ spectrophotometer with deuterium and halogen light
sources was used to measure UV/Viscae Controlled potential electrolysis experiments at the
first reduction potentials were applied during which UV/Vis spectra were collected until the

measured current reached a plateau.

3.6.1.4.Quantum Yields and Emission Spectra

Uncorrected emission spectra were collected on an Agilent Cary Eclipse fluorescence spectrometer
for the estimation of &o in acetonitrile. b.o was derived from the abscissa intercept of the tangent

to the blue side of the emission spectfiGorrected photoluminescence spectra were collected

on an FS920 spectrophotometer (Edinburgh Instruments) equipped with a 450 W Xe arc lamp
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and an R2658P PMT detector (Hamamat s&39410 Samp|l
nm in DCM, excitation bandwidth = 5 nm) were prepared in a nitrogen filled glovebox. A solution
of [Ru(bpy}][PFe]2 in aerated acetonitrile was used for referencing (0.018)%* Excitation

spectra were obtained on an Edinburgh Instruments FS5 fluorometer in aerated DCM.

3.6.1.5.Excited State Lifetimes and Nanosecond Transient Absorption

Kinetic and spectral time resolved data were collected using a laser flash photolysis system
(LP920, Edinburgh instruments) equipped with a 450 W Xe arc lamp for the probe beam and a
Radiant Qx4130 (OPOTEK Inc.) laser for the pump beam. An R2658P PMTcibete
(Hamamatsu) was used to obtain kinetic data while spectral data was collected with an iStar ICCD
camera (Andor Technologies). Samples were prepared in DCM inside a nitrogen atmosphere
gl ovebox ( ODe=4100nmbn ad cnucuvettepulsseegy ~ 1.52.0 mJ/pulse for

kinetics and emission spectral data; pulse energy-3.8.thJ/pulse for spectral TA data).

3.6.1.6.TimeResolved Infrared (TRIR) Spectroscopy

TRIR measurements were collected using amanse constructed purgpobe system. The mode

locked output from a seed laser (Coherent Vitara) was split into two: an unfiltered beam was used

as the seed for the Coherent Astrella amplifier (1 kHz, 7 W, 800wiite a banepass filtered

beam (~12 nm at 800 nm) seeded the Coherent Libra amplifier (1 kHz, 4 W, 800 nm). The external
Qswitch for the Librads pump (Coherent Evol ut
SDG Elite. This delay was computer tatied by the TRIR data acquisition software with 0.25

ns precision, thereby providing variable nanosecond time delays between pump and probe. A
portion of the Astrella output generated 400 nm excitation pulses within an optical parametric
amplifier (Coheent OPerA Solo, UWis). The 400 nm excitation (pump) beam went through an

optical chopper that blocked every other pulse of the 1 kHz pulse train for the delta OD calculation.

105



The pump then passed through an optical delay stage that allowed one to compensate for the
mismatch between the pump and probe optical lengths and find a temporapmbapverlap

(time zero). The same optical delay stage was used hpisabecond TRIRexperiments with

delays up to ~4 ns. After the optical delay stage, the pump beam entered-auilomiIR
spectrometer and was focused into the sample. ThelRnglobe beam was generated in a
Coherent OPerA Solo, DFG using a portion of the output franiLibra. After entering the TRIR
spectrometer, the mitR probe beam was split 50/50 into probe and reference beams. The probe
and reference had different optical paths and were offset vertically when focused into the sample
cuvette, but only the probe d&m® was overlapped with the pump. Both the reference and probe
beams were collected by a 64x2 dual array MCT liquid¢dbled detector (FPAS 144 integrator

and electronics from Infrared Systems Development Corporation) attached to a Horiba Scientific
iHR320 imaging spectrograph purged with jas. 3D data (wavelengttime-TR signal) were
collected using an thouse built LabVIEW software that provided electronic in addition to optical
pump-probe delay. In a typical experiment, 1000 laser pulses are averaged for each data point in a
single sca. The power of the pump beam striking the sample was maintainefl pl/®ulse.
Samples were prepared in DCM in apfiled glovebox (MBraun) and injected into a Harrick
demountable liquid cell with 25 mm Bawindowsand 0.95 mm spacers. Samples were prepared

to have a 0.8.4 OD at 400 nm.

3.6.1.7.Electronic Structure Calculations

Calculations were performed dr8 using the Gaussian16 (Revision C.02) software package.
DFT-B3LYP level of theorfP%wi t h  Gr i mme 6 ¥ wab Bseddd optimize tee isinglet
ground states and the lowest triplet excited states of all complexes. The basis set was chosen to be

LANL2DZ + f effective core potential (ECP) for the rhenium atom ar@ll 6G* for all other
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atoms (C, H, N, O, and Cf§:"* A dichloromethane solvent correction was added using the
polarized continuum model (PCKh)or all the performed calculations. Molecular orbitals were
visualized with an isovalue of 0.05.

3.6.2.Figures

3.6.2.1.1H and*3C NMR Spectra
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Figure $8.1.'H NMR spectrum (400 MHz) of dafone in CDCI

107



—8.64
—777

— 719
. —37

N
] ~
< N
T
8.65 8.60 7.80 7.75 7.20 7.15 3.75 3.70
|

I J x
g\ LL\ ;IJ. }L\
o i34 &

T T T
16 15 14 13 12 i1 i0 9 8 7 6 5 4 3 2 1 0 1 2 -3 4

Chemical shift (ppm)

Figure 8.2.'H NMR spectrum (400 MHz) of dafH in CDgI

R RR g 2
© ~ N N o
RN
N\ %
JLJWJMLJMU L N
I\
T T T T Ld T ,N
8.7 7.7 7.3 2.1 2.0 0.4
. L.
A 1 ¥
S a o = <]
~N - - < o

16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2 -3 -4
Chemical shift (ppm)

Figure $.3.*H NMR spectrum (400 MHz) of dedaf in CDLI

108



I oo < a M
™~ o ! © 9
=] NN o o o
| [ | N/
8.74 8.70 7.92 7.88 7.52 7.48 2.15 2.05 0.70 0.65 0.60 0.55 0.50

(ef0)

] o
= N/ | °~co

Cl

Fea,,

4. 207 Sm—

7 6 5 4 3 2 1 0 -1 -2 -3 A
Chemical shift (ppm)

=
(o))
=
w
=
NN
-
w
=
N
-
[N
=
o
o
o

Figure 8.4.'H NMR spectrum (400 MHz) of complekin CDCl.

w0 o » NN
S = o N o ot
] o o v I} el Qo 23
5 4% 08 3 28 oo
[ N v
CcO
. |
- Nv..,_R ~CO
e
=~N" ~CO
.
Cl

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical shift (ppm)

Figure 3.5.1%C NMR spectrum (101 MHz) of complekin CDCl.

109



NS 8
RN <
A~ NS |
T T T4 T T 77— 71| —m—r—T—T—T1—TT
8.78 8.74 8.10 8.06 7.58 7.54 438 434 430 4.26
co
P
Z Nﬁ.__R| €O
e
-
Cl
L -, A
2 e A
8038 =
INENIN ~
T T T T T T T T T T T T T T T T T T T T T
16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 1 -2 3 4

Chemical shift (ppm)

Figure 3.6.*H NMR spectrum (400 MHz) of compleXin CDCl.

o 0 < ~
e 0 R b 2
g g a8 I
N |
= N..,__R ~CO
e
-
™ -
'
T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

Chemical shift (ppm)

Figure 3.7. 13C NMR spectrum (101 MHz) of compleXin CDCl.

110



3 8 BR2R]SR 2 g3
- o o ™~ ~N o ~N o o
| NN ]
89 87 80 78 7672 7.0 68 66 " 222120 080706050403 020.1

[oT]

|
Fy Wy P
o 2998579 N o 9 g
o NN A A A NN m ™M

6 5 4
Chemical shift (ppm)

=
(o)}
=
ul
-
>
-
w
=
N
=
[N
=
o
oA
@
~N
wA
~
-
o
'
iR
'
N
'
w
'
n

Figure 3.8.'H NMR spectrum (400 MHz) of compleXin CDCl.

¢ mRgeRD R 2 o
g PRidEgR ¢ E Sa 98
E ﬂzv—iv—(ﬁv—( sl -] M N o 0
N \ ) S0
OTl

co [oTA

< 'N.._‘_I_\Je_d_.,co

——N/l‘CO

<.
N

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10
Chemical shift (ppm)

Figure 3.9.1%C NMR spectrum (101 MHz) of compleXin CDCl.

111



]
; c g 8 3885
— -+ © ~ + &+ +F
T NP
88 8783 82 77 7.6 7.0 6.9 46 45 44 4.3

co [OTH]

Z N | €O
SR w

N
i M
A IJ
3 2 E

2.00<!
2.00=
0.94,
1.997

2.0

08&>_
o

13 12 11 10 9 8 7 6 5 4 3 2 1 0 -I1
Chemical shift (ppm)
Figure 3.10.*H NMR spectrum (400 MHz) of complekin CDCl.
7 ERE AR 2 m
co [OTH]
Z N... | _.CO
L —~Re<co
N7 |
N
Y
HN—"7
2‘10 ZIDD 1:30 1‘80 1‘70 1‘60 IISG 1:|D 1‘30 1‘20 1‘10 1IDG 9‘0 BIG 7‘0 6‘0 5‘0 4‘0 3:0 2‘0 1‘0 IG rllﬁ

Chemical Shift (ppm)

Figure .11 3C NMR spectrum (101 MHz) of complexin CDCl.

112



R - Y <+ N o wn
a ~®cA Hhro 3 9 ?
® CNEAEN INRN - o Q?
| Vs NN/ [ |
8.95 8.90 8.15 8.10 7.90 7.85 7.15 2625 222120 1.1 0.7 0.6 -0.1-0.2
co lom
- N.,__Rl ~CO
= N/ | ~~(;0
.
|
,
) |
44y 4 fgn ad 4
& 8¢ o aéd &+ ¢
~N <+~ ™~ NN m M ™

8 7 6 5 4 3
Chemical shift (ppm)

-
a
o
wv
-
N
-
w
-
N
=
-
[
o
0
N
[N
oA

'
-

'
N

'
w

1
EN

Figure $.12 'H NMR spectrum (400 MHz) of complexin CDCl.

QownrN  wVwouw

NRDQIn HA9 a 0o Iy

cm—-oYTY VoW a Qo N Now

oihhihy ®AAN o @0 © 0 M

o o el o NoNN - o~
[T N | ~ NN/
o (o

c
/_%N RL_f,.*co
= N | ~co

N

72

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10
Chemical shift (ppm)

Figure $.13. 13C NMR spectrum (101 MHz) of complexin CDCl.

113



oM o mogw o O
@@ N ER R i -
W W~ T T o~ -
VNN ~ |

8.808.75 8.408.35 8.107.80 7.70 7.20 485480 4.45 435 265260255 120 1.10
B co |lom
N m__RLwco
N7 ~co
N
g
NS
A
g
S

L
3.05:L

11 10 9 8 7 6 5
Chemical shift (ppm)

H NMR spectrum (400 MHz) of complexin CDCl.

i 1
Figure $.14.
@ w ~ e ne
Bu RE 28 28 e o 2
5% #E AR Af S 8
A v \
co [OTf]
F |
<N-. . .co
= N/ ~Cco
~ -
N
g
NS
T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)

Figure $.15.13C NMR spectrum (101 MHz) of complexin CDCl.
114



o
aRNBRA =3 8z
© W w NN~ KN c <
NS0 Y4 | |

(1] o

89 83 828180 79 7877 7473 222120 07 05 03 01 -0.1

co [OTf]
Z ‘NM,_Rle_,..co
L Ml
= ‘N | co
N
‘d | 1
NS
1l
el &' FE
[SRCRRCRC-R-) S o o a9

o
-

'
N

'
w

[l
EN

16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
Chemical shift (ppm)

Figure $.16. 'H NMR spectrum (400 MHz) of complekin CDCl.

TOONDNT T

NTNOV®H AN o [-%-]

onNgTawan 2 o 83

AT H®AN - oo ) O

o o o e e 0 M N o~

ANSNNN S ~ N/
co [0TH]

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical shift (ppm)

Figure $.17.13C NMR spectrum (101 MHz) of complexin CDCl.

115



28RENY GRIH
W mNNN <+ < <+ <
SN N

L

8.80 840 830  7.80 7.707.45 7.35 4.8 4.7 46 4.5 4.4

co [OTH]
%N ﬁ..,Rl | -CO
=N |
= "N | CO
N
- | I |
) ‘ N
JL. . Jd
S O dd
§c®oaa g &

o 8 7 6 5 4
Chemical shift (ppm)

-
()]
=
v
=
»
=
w
=
N
=
=
=
o
e}
@
~
w
-
o
'
—
'
N
'
w
1
EN

Figure 3.18. 'H NMR spectrum (400 MHz) of comple&in CDCl.

3

— 15243
— 14978
37.68

co [T

ZN.... R|e__¢.co
= N/ ~co
~ -

Z—

/N

T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80
Chemical Shift (ppm)

Figure $.19.13C NMR spectrum (101 MHz) of compleXin CDCl.

116



—8.76
—8.01
_7.59
—2.15
071
~0.54

L

8.80 8.75 8.70 8.05  7.95 7.60  7.5( 22 21 07 06 05 04

co

N-... R’| ~COo

/ ’g’ N~ | €~co
OTf

2.05 = L—
S

2.00=
2.03

4.45=
319,
3.147

-
o

'
-

v
nN
w

1
ES

16 15 14 13 12 11 1o 9 8 7 6 5 4 3 2
Chemical shift (ppm)

Figure 3.20.*H NMR spectrum (400 MHz) of compleXin CDCl.

— by @ o)) -

sl a =] @ o [ N oo

- o < ] © M- 23

g 2% 8 8 3 88 o w

[ [ ~ N

co

=

— Nk___R|e,_*.co

=~N" ~Cco

-
OTf

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical shift (ppm)
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3.6.2.2.Mass Spectrometry

XS2_082024_009 65 (0.677) Cm (65:75) 1: TOF MS ES+
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2
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Exact Mass: 183.0553 Exact Mass: 182.0480
.184.0590
155.0607
N 284.3313.332.3310 6021448 2534522 5767960 9247824  115331561194.8091 14414254
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Figure $8.24. HRMS (ESITOF) of 4,5diazafluorer9-one dissolved in DCM and injected by flowing water/ACN
5:95.
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Figure 8.25. HRMS (ESITOF) of dafH dissolved in DCM and injected by flowing water/ACN 5:95.
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Figure 38.26. HRMS (ESITOF) of dedaf dissolved in DCM and injected by flowing water/ACN 5:95.
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Figure 8.27. HRMS (ESITOF) of complexi dissolved in DCM and injected by flowing water/ACN 5:95.
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Figure 8.28 HRMS (ESITOF) of complex dissolved in DCM and injected by flowing water/ACN 5:95.

Figure 8.29. HRMS (ESITOF) of complexX3 dissolved in DCM and injected by flowing water/ACN 5:95.
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