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ABSTRACT

SEARCHING FOR KINETIC CONTROL OF EXCITED-STATE EVOLUTION IN FE(II)
POLYPYRIDYL CHROMOPHORES

By
Sara Linnae Adelman

Iron(Il) polypyridyl chromophores represent an earth-abundant alternative to ruthenium-
based complexes in photo-induced electron transfer applications, yet the sub-150 fs metal-to-
ligand charge transfer (MLCT) excited-state lifetime endemic to low-spin Fe(Il) polypyridyls has
hampered their widespread use. One promising avenue towards achieving a longer-lived MLCT
excited-state lifetime is through the exertion of kinetic control, made possible through the
identification and subsequent disruption of the nuclear coordinate of excited-state deactivation.
With this aim, a series of structurally similar iron(II) polypyridyl complexes spanning from low-
spin to high-spin, including a spin crossover complex, were synthesized, which allowed for the
determination of reorganization energy from the lowest-energy excited state (°T) to the ground
state (A1) through a combination of variable temperature transient absorption and magnetic
susceptibility measurements. In addition to experimentally determining the reorganization energy
and electronic coupling constant associated with this conversion, we will deduce the kinetically
competent degree of freedom associated with this transition through a convergence of analyses
from semi-classical to fully quantum mechanical non-radiative decay theories. A ruthenium(II)-
based analog of the spin crossover complex provided insight into the geometric distortions
coupled to the deactivation of the MLCT excited states. Coupled together, these results offered
new guidelines for ligand design, inspiring the synthesis of new iron(II) complexes with unique
photophysical dynamics and establishing new roadmaps towards controlling excited-state

dynamics in this class of compounds.
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KEY TO ABBREVIATIONS

2-Cl-phen: 2-chloro-1,10-phenanthroline
2-Me-phen: 2-methyl-1,0-phenanthroline
2-OMe-phen: 2-methoxy-1,10-phenanthroline
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Cr(acac)s: tris(acetylacetonate)chromium(I1I)
DC: direct current

DCM: dichloromethane

DFT: density functional theory

DMF: dimethylformamide

DSSC: dye-sensitized solar cell

E.: activation energy

Eox: electrochemical oxidation potential

eq.: equation
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EtOAc: ethyl acetate
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FC: Franck-Condon factor
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Keq: equilibrium constant
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CHAPTER 1. CHALLENGES TO USING EARTH-ABUNDANT FE(II)
CHROMOPHORES IN LIGHT-INDUCED ELECTRON TRANSFER
TRANSFORMATIONS
1.1. Introduction

Sunlight is an abundant and inexhaustible energy resource. In two hours, the amount of
energy that strikes the Earth in the form of sunlight is greater than the total amount of energy
consumed worldwide in 2017, and the sun will persist for another 4 billion years.!” Facing
overwhelming evidence that carbon dioxide emissions from the combustion of fossil fuels are
raising the global average temperatures,* the need has never been greater to convert sunlight into
useable and carbon neutral energy.> One of the most inspiring chemical models for transforming
sunlight into energy is found in Nature: photosynthesis. In this process, the absorption of photons
is crucial to generating a transmembrane potential gradient that ultimately harnesses the sun’s
radiant energy in the form of chemical bonds.® Compelled by these fundamental features of
photosynthesis, chemists have long sought to exploit the photo-induced charge-separated excited
states of molecular chromophores to drive energetically uphill transformations.

Transition metal chromophores have proven to be excellent platforms to explore the
prospects of charge-separated excited states. Under certain conditions molecules of this class are
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Figure 1.1. Scheme showing a metal-to-ligand charge transfer (MLCT) excited state in a
theoretical transition metal polypyridyl chromophore.



capable of strongly absorbing visible light to generate ligand-to-metal and metal-to-ligand charge
transfer (LMCT and MLCT) excited states. A general transition metal chromophore with n-
accepting ligands is drawn in Figure 1.1. Upon absorption of a photon, this theoretical molecule
populates a MLCT excited state, in which the metal center is formally oxidized and the ligand is
reduced. From this charge-separated excited state, the complex can act either as an oxidant (from
the metal center) or a reductant (from the reduced ligand), allowing for the possibility of electron-
transfer reactivity that was not feasible in the ground state. The optical and redox properties of the
ground and excited states can be tuned through synthetic modification of the ligands, providing
the option of tailoring to meet the demands of specific applications.

The original workhorses that proved the utility of MLCT excited states are ruthenium(II)
and iridium(IIT) polypyridyl chromophores. Coordination compounds of these d° transition metals
with strong-field m-accepting ligands tend to absorb visible light to populate long-lived and
emissive SMLCT excited states.”® Two representative chromophores, [Ru(bpy)s]** and Ir(ppy)s
are shown in Figure 1.2. As second- and third-row transition metals, the ligand-field (LF) strengths
of Ru and Ir are relatively high, destabilizing metal-centered LF excited states to make them
energetically inaccessible during excited-state evolution. Accordingly, in both [Ru(bpy)s;]*" and
Ir(ppy)s the lowest-energy excited states are predominantly *MLCT in character and typically
exhibit excited-state lifetimes on the order of microseconds, as summarized in the Jablonski
diagrams in Figure 1.2.%!% Coupled with the ability to modify ground- and excited-state properties
via ligand design, this excited-state behavior has encouraged the use of Ru(Il)- and Ir(I1I)-based
chromophores in an expansive array of light-induced electron transfer applications, including solar

11-13

energy conversion, solar fuel generation,>!'* and photoredox catalysis for the synthesis of

organic building blocks.!>!6 It should be noted that there are some organic chromophores that have
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Figure 1.2. Drawings of two of the most well-studied transition metal chromophores,
[Ru(bpy)3]** and [Ir(ppy)3]**, along with their general Jablonski diagrams, where ISC =

intersystem crossing, k: and kur are radiative and nonradiative rates, respectively. Note: these
drawings are not to scale and the given excited-state lifetimes are approximately average values

found in the literature for the complexes in solution at room temperature.

been used in solar harvesting and photoredox catalysis, but transition metal chromophores tend to

be more stable and have access to more synthetically-tunable photophysics.?

One glaring issue with the extensive use of Ru(Il) and Ir(Ill), however, is the fact that these
elements are some of the rarest on Earth (Figure 1.3).!7 For light-induced electron transfer
applications that are material-intensive, the low abundance of these elements raises a major
obstacle to their widespread scalability. On the other hand, first-row transition metals are orders
of magnitude more plentiful than their second- and third-row congeners. As such, the last decade

has witnessed a surge in investigations into the capability of first-row transition metals to replace

these exotic elements.!?
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Figure 1.3. Abundance (atom fraction) of the chemical elements in Earth’s upper continental
crust as a function of atomic number. From reference 17.

Unfortunately, there is a fundamental barrier to using earth-abundant transition metals in
applications which require long-lived charge-transfer excited-state lifetimes. Due to the
primogenic effect,!®?° the radial extension of the d-orbitals in first-row transition metals is
contracted compared to the later series transition metals. This attenuates the metal-ligand orbital
overlap in complexes with first-row versus second- and third-row transition metals, decreasing the
effective LF strength.?! As a result, metal-centered LF excited states are stabilized, and in contrast
to what is observed in Ru(Il) and Ir(III) chromophores (Figure 1.2), the lowest-energy excited
states in first-row transition metal complexes tend to be LF in nature. These metal-centered states
provide a deactivation pathway for the highly-desirable charge-transfer excited states, shortening
their lifetimes and severely hampering the use of first-row transition metal complexes in photo-
induced electron transfer reactions.

Nonetheless, there are some promising results using first-row transition metals in
photoredox applications. By far, the most successful endeavors have employed Cu(l), as its d’’
electron count eliminates the possibility of LF excited states. Correspondingly, Cu(I) polypyridyl

complexes can have long-lived and emissive MLCT excited-states, which have been exploited in



dye-sensitized solar cells, OLEDs, and photoredox catalysis.?>2® Encouraging results are
emerging from the use of chelating isocyanide ligands with Mo(0) and Cr(0). These 3d° complexes
have relatively long-lived (~1 ps and 2 ns, respectively) and room-temperature emissive SMLCT

excited-states,?’

and the Mo(0) complexes have catalyzed base-promoted homolytic aromatic
substitution reactions.?® Work is also underway to tap into light-induced reactivity from LF
excited-states,”® yet formidable hurdles remain due to their metal-localized nature and
impediments towards energetic tuning.°

Iron is an attractive alternative to rare second- and third-row transition metals, as it is highly
abundant (Figure 1.3) and when sufficiently strong-field ligands are employed, Fe(II) adopts a
low-spin d® configuration (1A1), isoelectronic to its group eight congener, Ru(I).>! Despite the
similarities in ground-state electronics, it has long been recognized that the excited-state dynamics
of [Fe(bpy);]*" and [Ru(bpy)s;]*" are very different. In 1980, Creutz et al. monitored the transient
absorption spectra of the two complexes in solution following visible excitation.>? They observed
that, while the excited state of [Ru(bpy)s;]** absorbed visible light, the transient absorption
spectrum of [Fe(bpy)s]** only exhibited ground-state bleaching (negative AA) over the entire
visible region. Combined with the fact that no luminescence was observed in [Fe(bpy);]**, these
results prompted the authors to assign the excited state populated at timescales longer than 10 ps
as LF in nature. Since this first report, the photophysical decay cascade of low-spin Fe(Il)
polypyridyl chromophores has been delineated through a variety of time-resolved spectroscopic
techniques and computational studies, which will be briefly summarized here.

Like [Ru(bpy)s]**, [Fe(bpy)s]** absorbs visible light to populate a '!MLCT excited state that
rapidly (<30 fs) undergoes intersystem crossing to the SMLCT.33-3* Unlike [Ru(bpy)s3]**, however,

the LF strength in [Fe(bpy)s3]*" is weak enough that a high density of LF states are lower in energy



than the '*MLCT excited-state manifold (Figure 1.4).>337 As a result, deactivation from the
SMLCT to the lowest-energy excited state, the >T», occurs within 150 5,338 and samples a 3T
intermediate.’® No significant changes in MLCT lifetimes of low-spin complexes have been
imparted through synthetic modification of polypyridyl ligands; attempts to do so include changing
ligand denticity, appending sterically bulky substituents, and imposing a near-perfect octahedral
coordination environment.**#” Once the T excited-state is populated, vibrational cooling occurs
in ~1-10 ps.’3448 Ground-state recovery occurs from this high-spin LF state on the order of

nanoseconds.***° The observed °T> lifetimes are quite dependent on the nature of the ligands and

44,51,52

can range from ~200 ps — 60 ns.
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Figure 1.4. Calculated potential energy surfaces of the electronic states in [Fe(bpy)s]**, reproduced
from reference 35, and the occupancy of the ligand-field split d orbitals in high- and low-spin
states.

The ultrafast *MLCT decay has been extremely prohibitive to the use of iron-based
chromophores in the same types of photoinduced electron transfer applications that their Ru(II)
analogs excel in, as the timescales for processes such as injection of an electron into a semi-

conductor (several picoseconds) or diffusion in solution (tens of nanoseconds) for biomolecular



reactions require MLCT excited-state lifetimes orders of magnitude longer than those found in

7,53

low-spin Fe(II) polypyridyl chromophores.’>> In spite of this handicap, Fe(Il) polypyridyl-based
can generate electrical current when sensitized to a semi-conductor in DSSCs.>* These assemblies
suffer from very poor power conversion efficiency (0.35 %), even under optimized conditions, a
fact that has primarily been blamed on the very short lifetime of the *MLCT excited state.>
Photoredox catalysis may be possible from the >T» LF excited state in low-spin Fe(II) polypyridyl
chromophores,’®>7 but undoubtedly attempts to extend these preliminary results will be plagued
by the relatively weak photoreductant abilities, metal-centered nature, and difficult-to-tune
energetics of the 5T, excited state.>® These underwhelming examples make it clear that in order to
access efficient light-induced electron transfer with Fe(II) polypyridyl chromophores, the lifetime
of the MLCT excited state must be prolonged.

Research is well underway to tackle this challenge. Work so far has largely focused on
employing very strong-field ligands to destabilize metal-centered excited states and achieve low-
spin Fe(Il) chromophores with SMLCT lowest-energy excited-states. To date, the culmination of

this work is an Fe(II) carbene complex prepared by Warnmark and coworkers (Figure 1.5a), which

exhibits a SMLCT excited-state lifetime of 528 ps with no indication of LF excited-state

Figure 1.5. Drawings of (a) Warnmark and coworkers' Fe(II) carbene complex (b) The Herbert
group’s Fe(Il) complex with a mixed benzannulated phenanthridine, quinoline, and amido
ligands, and (¢) The Damrauer group’s high-spin [Fe(6,6”-dbterpy):]** complex.



population.>® The same group demonstrated that carbene ligands can also appreciably stabilize
LMCT excited-states in Fe(II1).®° Very recently, Braun et al employed an elegant ligand design
strategy to invert the nature of the highest-occupied molecular orbital (HOMO) of an octahedral
Fe(II) complex from the metal-centered nonbonding > orbitals to antibonding (") ligand-centered
orbitals. The resulting chromophore (Figure 1.5b) had a record-breaking nanosecond charge-
transfer excited-state lifetime.%! Taking a different route, the Damrauer group designed 6,6”-
halogenated terpyridine ligands that stabilized the high-spin >T» configuration as the ground
electronic state. Upon the absorption of visible light, [Fe(6,6”-dbterpy)2]*>* (Figure 1.5¢) populated
a >’MLCT excited state, which exhibited a 17 ps lifetime.%?

Unquestionably, recent strides towards achieving longer-lived *MLCT excited states in
Fe(IT) chromophores has made the replacement of Ru(Il) and Ir(IIl) with earth-abundant first-row
counterparts much more feasible now than a decade ago. This progress is thanks mostly to the
strategy of changing the energetic landscape of Fe(Il) excited states to make them more closely
resemble that of Ru(Il). However, one tactic to manipulate the photophysical properties of Fe(II)
polypyridyl chromophores has been relatively unexplored: hindering the geometric changes
(vibrational modes) coupled to MLCT deactivation into lower-lying LF excited states. In essence,
this is a kinetic, rather than energetic, approach to this problem.

There is precedence that targeting kinetically relevant vibrational modes through ligand
design can favorably impact the photophysics of first-row transition metal chromophores. For
instance, a slew of time-resolved spectroscopic techniques revealed that tetrahedral Cu(I)
polypyridyl complexes undergo a dynamic Jahn-Teller flattening distortion to a pseudo-square
planar geometry in their '"MLCT excited-states, essentially wasting potential energy due to this

large structural reorganization.’? To eliminate this problem, researchers installed bulky



substituents onto the polypyridyl ligands to disrupt this problematic flattening distortion. The result
was a new generation of Cu(I) chromophores with long-lived, highly-emissive *MLCT excited-

26,63 In addition, it was shown

state lifetimes and greatly decreased excited-state reorganization.
decades ago that trigonal distortions are likely kinetically relevant to the 2E — *A ground-state
recovery process of Cr(IIl) chromophores.®* Looking to extend *E excited-state lifetimes, Heinze
and coworkers designed chelating ligands that were expected to hinder these trigonal distortions,
and the resulting Cr(II) complex exhibited a remarkably long °E excited-state lifetime and an
increased emission quantum yield compared to unhindered complexes.®

The first step to obtaining similarly productive results in low-spin Fe(Il) systems is
identifying the modes that compose the nuclear coordinate of the SMLCT — 5T intersystem
crossing. This s not straightforward, as all known Fe(II) complexes' are non-emissive, voiding the
use of the information-rich experiment that is steady-state emission.®® In addition, the sub-150 fs
SMLCT decay kinetics require observation with very short time resolution which tends to
complicate experimental setups and data interpretation.®’” Aubdck and Chergui used ultrafast
visible and UV transient absorption spectroscopy with ~70 fs time resolution on [Fe(bpy)s]** and
observed vibronic coherences that correspond to a symmetric Fe-N breathing mode in the 5T,
state.®® These findings were corroborated by Lemke ef al, who used ultrafast optical pump/x-ray
absorption probe studies on the same molecule and observed that a similar mode was coherently
active during SMLCT — LF conversion' in the same molecule.® They proposed that low-

symmetry Fe-N bond deformation modes aided the dephasing of this symmetric Fe-N breathing

mode. Computational studies have also indicated that torsional modes should be considered when

i There has been an example of emission from a LMCT excited-state on a Fe(III) chromophore

ii In this study sampling of a °T ligand-field state during *MLCT decay was observed. However, the lifetime of this
intermediate is so short (<70 fs) that it is not considered to be significant to the coherently observed vibrational
modes past the fact that it indicates that population of the e," orbitals occurs within 120 fs following excitation.



describing the MLCT deactivation nuclear coordinate of [Fe(bpy)s]**.%° Taken together, these
studies suggest that both Fe-N breathing and bending modes are kinetically significant to the
SMLCT — °T» ISC.

In contrast to the Cu(I) and Cr(III) examples, no attempts have been made to manipulate
the photophysical dynamics of Fe(Il) chromophores via disruption of supposedly relevant modes.
Therefore, in this dissertation indirect steps will be taken to identify the vibrational modes coupled
to the SMLCT — 5T, excited-state decay in Fe(II) polypyridyl chromophores and provide
complimentary evidence to the results found with ultrafast studies. Once we have a firm definition
of the nuclear coordinate, the identified modes will be targeted synthetically. The resulting new
Fe(IT) chromophores will be fully characterized to determine whether or not we were successful
in our goal of disrupting the vibrational modes driving the *MLCT — T conversion.

1.2. Contents of Dissertation

Chapter 2 first summarizes the findings of our 2019 Chemical Science report™ on using
variable-temperature ultrafast time-resolved absorption spectroscopy to gain insight on the nature
of the nuclear coordinate coupled to the >T> — 'A; ground-state recovery process in a series of
low-spin Fe(II) polypyridyl chromophores. Then, these results are confirmed and expanded upon
by investigating the ground-state recovery dynamics in a polypyridyl Fe(Il) spin-crossover
complex. This same spin-crossover complex is the main focus of Chapter 3, in which two
nonradiative decay theories are used to determine the average frequency of the vibrational
mode(s) coupled to the T2 — 'A; conversion. Additionally, a ruthenium(Il) analog of the spin-
crossover complex is used to approximate the geometic distortions associated with formation of
the *MLCT excited state. These two analyses will serve as the basis of computational work to

determine how these two nuclear coordinates intersect. Chapter 4 explains how the findings of

10



the previous chapters inspired the exploration of Fe(II) chromophores with sterically hindered
polypyridyl ligand frameworks. This chapter describes the synthesis and photophysical
characterization of a new class of iron(II) chromophores with macrocyclic ligands. Finally,

Chapter 5 discusses the future directions spawned by the research presented in this dissertation.
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CHAPTER 2. EXPERIMENTAL DETERMINATION OF THE MARCUS
PARAMETERS FOR GROUND-STATE RECOVERY IN AN IRON(II) SPIN-
CROSSOVER COMPLEX
2.1. Introductioniii,iv

Ideally, the first step in tackling the kinetic approach outlined in the first chapter of this
dissertation is to identify the vibrational modes that describe the geometric distortions coupled to
the '*MLCT — 5T, intersystem crossing (ISC) in low-spin (LS) iron(Il) polypyridyl
chromophores. However, the ultrafast *MLCT excited-state lifetime (<150 fs) in most low-spin
Fe(IT) polypyridyls introduces substantial theoretical and technical barriers to directly extracting
this information from traditional experiments. Therefore, I will first focus on defining the
geometric changes associated with ground-state recovery (GSR), i.e. the °T> — 'A; conversion,
which occurs typically on the order of nanoseconds.! Characterizing the geometric and electronic
parameters associated with GSR is also of interest to the recent push to exploit this process for the
indirect monitoring of magnetic storage information.>3

For transition metal chromophores, there have been several methods developed to describe
the nuclear coordinates involved in excited-state decay. In emissive complexes, fitting of emission
profiles with vibronic fine structure to a Franck-Condon analysis can in general cleanly yield Ao,
the averaged frequency of the mode(s) coupled to the emissive process.* Another option is

resonance Raman, where the vibrational modes that occur concurrently with an optical transition

iit Some of the introduction of this chapter is also presented in the article: Carey, M. C.; Adelman, S. L.; McCusker,
J. K. Chem. Sci. 2019, 10, 134-144.

¥ The work in this chapter is a continuation of research started by Dr. Monica C. Carey. As such, an initial
introduction into this work can be found in Carey, M. C. Achieving a Long-lived Charge-separated Fe(II)
Chromophore: Insights into the Role of Reorganization Energy on the Ultrafast Photophysical Processes of d®
Polypyridyl Complexes, PhD Dissertation, Michigan State University, East Lansing, MI, 2018.
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can be experimentally described.’ Both of these traditional methods are of no utility to defining
the >T> — 'A; nuclear coordinate, as the decay of the 5T, is nonradiative and the optical signature
of this transition in the ground-state absorption spectrum is usually completely obscured by 'A;
— MLCT absorption features. Recently, there has been a growing body of work utilizing time-
resolved optical pump/x-ray probe measurements with Fe(II) polypyridyl complexes.®"!° For the
ST> — 1A process, the overall geometric changes between the two states can be defined, but so
far determining which changes reflect kinetically relevant vibrations has been out of reach.’
Furthermore, gaining access to the facilities which house the instruments necessary for these types
of measurements can be difficult. Because of these obstacles, there has not been an undisputed
assignment of specific modes that compose the GSR nuclear coordinate for LS Fe(I) polypyridyl
chromophores. Due to the ~0.2 A elongation of Fe-N bonds upon population of the T> state
observed in several LS Fe(Il) polypyridyls from steady-state!! and time-resolved x-ray
measurements,'? the most commonly proposed candidate is a symmetric Fe-N breathing mode. !
Yet simply because a given bond length changes during GSR does not signify that the vibrational
mode associated with that distortion is coupled to the electronic transition, as it is unlikely that all
of the 3N-6 possible modes for a given molecule are kinetically relevant.!'4

Therefore, to better define the electronic and nuclear parameters of the ST, —!A transition,
Monica Carey and [ wused ultrafast variable-temperature transient absorption (VT-TA)
spectroscopy to find the rate of nonradiative decay (knr) from the T, as a function of temperature
on a series of low-spin iron(Il) polypyridyl complexes.!>!®¥ The results from this work, as well as
the assumptions used to arrive to conclusions about the nuclear coordinate for GSR, will be briefly

summarized here, as they form the basis for the forthcoming research in this dissertation. First, kar

VAll of the ultrafast variable-temperature transient absorption spectroscopy in the 2019 Chem. Sci. report was
collected by Dr. Monica C. Carey.
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as a function of temperature can be fit to the Arrhenius equation the activation energy (E.) and

frequency factor (A) were found from the Arrhenius relationship:

k = Aexpd —¢
Py 2.1)

nr
B

where kg is the Boltzmann constant and T is temperature. Then, a mathematical relationship

between the Arrhenius model (eq. 2.1) and semi-classical Marcus theory (eq 2.2),

2
nr polote

(2.2)
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which relates kqr at a given temperature to the electronic coupling matrix between the >T» and A,

states (Hab), the 'A1/°T> free energy difference (AG®), and the reorganization energy (1), was

exploited:
° 2
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The benefit of this approach is that the A for GSR may be approximated from experimental data
namely, E. and A.

Generally, A is the amount of energy required to change the geometry of the reactant (°T>)
to the geometry of the product ('A;) without changing the electronic structure (Figure 2.1). A
reflects the change in geometry about a specific nuclear coordinate (AQ generally, AQrr/gs for the

conversion from the T, ligand field state to the 'A; ground state):

A= %f(AQ)Z (2.5)
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Figure 2.1. General diagram defining the pertinent Marcus variables for a low-spin Fe(II)
polypyridyl complex along a unitless nuclear coordinate.

Where f'is the force constant for the kinetically relevant vibrational mode. Thus, the reorganization
energy reflects the degree of geometric distortion associated with a given electronic transition and
can provide insight into similarities, or differences, between related complexes.!” Ideally, the
experimentally determined values for ki versus T would be used to unambiguously calculate A for
a series of complexes to begin to explore kinetically relevant geometric distortions for GSR.
However, to explicitly solve for A, we must also input values for either Hap or AG°. When
nonradiative decay models are applied in other transition metals, AG® is usually determined either
from electrochemistry, an analysis of pertinent absorption features, or the emission spectral fitting
mentioned above. Unfortunately, for LS Fe(II) polypyridyl complexes we are again thwarted by

the previously-described lack of experimental probes to define the 5T> — 'A; transition.
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In light of these hurdles, it is clear that some approximations must be made in order to
define the nuclear coordinate in LS Fe(IT) complexes. One option is to calculate the “T»/!A; free
energy gap computationally, however current theoretical techniques are notoriously inaccurate and
imprecise, and at best only trends in AAG® can be surmised for a series of closely related

18

complexes.'® Therefore, we relied on a blended experimental and theoretical method to

approximate AG® for LS Fe(II) complexes, summarized in eq. 2.6:

=AG’ + nF(E"X —E*™ ) (2.6)

complex [F()(bpy)3]2+ complex [Fe( /)py)s]z"
where we assume a value of AG® for a parent compound based on theoretical calculations, in this
case [Fe(bpy)s]**, and modulate AG® based off of the experimentally measured difference between

the Fe*"** oxidation potential of the desired complex and that of the parent compound  (

ox ox

Complexa [Fe(bpy)3]2+ 5 reSpGCtlvely )

,..ﬂ.F + ﬂ.& tZQ
Parent Substituted Substituted
compound compound 1 compound 2

Figure 2.2. Schematic illustrating the limits of the electrochemical approximation to find AG® in
low-spin iron(Il) polypyridyl complexes.

The reasoning behind this approximation can be summarized by considering a theoretical
parent compound, in which there is some ligand field splitting parameter (Ao) that gives rise to the
free energy difference between the !A; ground state and the lowest-energy ligand field state, the
ST, (Figure 2.2). The assumption summarized in eq. 2.6 is based on the fact that in LS Fe(II)
pseudo-octahedral complexes, the oxidation potential measured electrochemically generally

corresponds to the loss of an electron from the tog metal-based orbitals. So, across a series of
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structurally related complexes, changes in the oxidation potential should correspond to either
stabilization (shown in Figure 2.2 as “substituted compound 1) or destabilization of the t,
orbitals, which results in a corresponding modulation of AG°. However, the shortcomings of this
approximation are clear for cases such as “substituted compound 2” in Figure 2.2. Using eq. 2.6,
AG® of the two substituted compounds would be calculated as equal, despite the value of AG®
actually being larger for compound 2. This highlights the fact that electronic effects due to o-
interactions are “invisible” electrochemically. The Jakubikova group has recently shown
computationally that for Fe(II) chromophores with bipyridine-based ligands, m-interactions do tend
to outweigh the effects of c-interactions in overall impact on ligand-field strength,'!” however the
inability for electrochemistry to assess these effects is a clear limitation to our electrochemical
approximation of AG®. Furthermore, electron-electron repulsion effects are neglected by eq. 2.6.
Despite these deficiencies, our 2019 Chemical Science report'> and Monica C. Carey’s
dissertation'® showed that this method of approximation for AG°, when combined with VT-TA on
a family of substituted [Fe(bpy’)3]*" complexes (bpy = 2,2’-bipyridine, bpy’ = 4,4’-dimethyl-2,2’-
bipyridine or 4,4’-di-tert-butyl-2,2’-bipyridine) and [Fe(terpy):]** (terpy = 2,2°:6,”-terpyridine),
can still yield valuable insights into the nature of both the nuclear coordinate and electronics
associated with GSR in LS Fe(II) polypyridyls. First, we found that the activation energy for the

only bis-tridentate complex studied, [Fe(terpy).]**, was significantly larger than that of the bpy-

Table 2.1. Fe**3" oxidation potential (versus the Fc/Fc* couple), frequency factor, and
activation energy for the >T> — 'A; conversion of four low-spin Fe(Il) complexes in
acetonitrile solutions. Reproduced from reference 15.

Complex E*(V) A@PpsYH) Ea(m?)
[Fe(bpy)s](PFe):  0.68  230£20 310+15
[Fe(dmb)s](PFs): 052  240£20 345 £10
[Fe(dtbb)s](PFs)> 053  230£15 315+15
[Fe(terpy)2J(PFs: 072 150£55 755 £70
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based complexes (Table 2.1), indicating that the nuclear coordinate for GSR may be impacted by

the change in coordination environment.

Table 2.2. Marcus parameters for four low-spin Fe(II) complexes. AG® is approximated
according to the approximation outlined in eq. 2.6 and the electrochemical oxidation potentials
given in Table 2.1. Reproduced from reference 15.

Complex |Han|*/A AG° (ecm™) A (em™) Hab (cm™)
[Fe(bpy)s](PFs): 1/30+£5)  -7300£730 11000+ 1100 44+02
[Fe(dmb)s](PFe)2 1/(33+4)  -6000 600 9700 = 900 42+0.1
[Fe(dtbb)s](PFs): 1/(29+4)  -6100+610 9500 + 900 43+02
[Fe(terpyy](PFe)  1/(14=9)  -7600+760 14100+ 1200 62+1.2

We were able deduce the origin for the much greater E, in [Fe(terpy).]** than [Fe(bpy)s]**
by comparing the calculated AG® and reorganization energies (Table 2.2). To determine these
values, we used AG® = 7300 cm™! for [Fe(bpy)s3]*>* as calculated by Sutin using modified electron-
transfer theory.?’ Then, AG® was found for the other three members of the series using eq. 2.6 and
their Fe*’?* oxidation potentials (Table 2.1). To account for the shortcomings in the
electrochemical approximation, we used rather generous error bars of £10% for our estimated AG®
values. While it appears that terpy actually imparts a stronger ligand-field strength than bpy, which
is manifested by the more positive oxidation potential in the respective Fe(I) complexes, this fact
alone could not explain the increased E,, as an increase in AG® should result in a decrease in E,
(Figure 2.1). When the reorganization energies associated with GSR were calculated, it became
clear that the increase in E, in [Fe(terpy)2]*" must arise from an increase in A, even with the large
error induced by the uncertain AG® values. Our results reflect the computational predictions that
the more strained coordination environment provided by terpy would force the Fe(II) complex to
undergo both Fe-N breathing and torsional distortions?! to recover the ground state from the 3T>

It should be noted that while the values for A have relatively large error associated with
them, the relation |Hab|/*/A is constrained by the experimentally-determined frequency factor (eq.

2.4). As such, we could determine Hab values for these low-spin Fe(II) complexes with surprisingly
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high degree of certainty, which is reflected by the relatively small error bars reported in Table 2.2.
In addition, we hypothesized that the experimentally-determined [Hab|*/A ratios may further prove
that the GSR nuclear coordinate in [Fe(terpy):]*" diverges from that of the [Fe(bpy’):]*
complexes, as all of the |Hap|*/A ratios calculated were within error of each other, expect that of
[Fe(terpy)a]*".

Overall, from these previous studies we gained greater insights into the nature of the
nuclear coordinate for GSR, yet a more specific definition of AQrrGs is necessary to propose
synthetic routes towards disruption and ultimately control this excited-state process. The biggest
issue with this previous study was the approximation of AG®°, which hindered the accuracy of the
calculated reorganization energies and prevented more definitive conclusions. Therefore, to
remove this shroud of ambiguity and experimentally determine AG®, A, and Hab, the Marcus
parameters of an Fe(I) spin crossover (SCO) complex will be determined. SCO systems employ
ligands that impart a weak enough ligand field strength such that the high-spin (HS) T, state is
thermally accessible from the LS 'A;, which remains the lowest-energy state.?? Such a delicate
energetic balance results in an equilibrium between the HS and LS states (eq. 2.7) that can be
driven to either side with changes in temperature, pressure, and other external factors.!!

k

IA?STz (2.7)

HL

The SCO phenomenon was first noted decades ago, and has since been an area of intense study
due its importance in both the fundamental understanding of spin conversion in transition metals
and its potential to advance applications such as heat sensing, pH determination, and information
storage.>?

For our purposes, SCO complexes will allow for the experimental determination of AG®°

between the 'A; and T states. To do so, we will take advantage of the fact that the diamagnetic
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LS and paramagnetic HS states have drastically different magnetic susceptibilities, enabling the
use of magnetic measurements to define the basic thermodynamic parameters that are
experimentally inaccessible for completely LS complexes. First, the temperature dependence of
the measured magnetic susceptibility (xT) of a SCO complex can be modelled as behaving as an

22,23 5

ideal solution*=*° in the form of eq. 2.8:

(27),,~(x7),,

T=(yT .
T (i)
l+exp| —| =——

R\T T

172

where (xT)Lt is the magnetic susceptibility at the low temperature limit, (¥T)ur in the high
temperature limit, AH is the change in enthalpy associated with SCO, R is the ideal gas constant,
and Ti2 is the temperature at which equimolar amounts of the LS and HS species are present, or

AG?® = 0. As such, the change in entropy (AS) for the spin conversion processes can be found:

AH
AS = (2.9)

1/2
From parameters found from the ideal solution fit, the relative populations of the LS and HS states,

here expressed as the mole fractions of two states (yLs and yns), at every temperature can be found

X, =T,
Vs = 20 (2.10)

XLy — 1155
1=y + Vs (2.1

Then, the equilibrium constant for the spin conversion from the HS to LS states (Kur) can be

defined:

KM:ZQ (2.12)
Y s
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It should be noted that it was chosen to define the equilibrium constant as written in order to be

consistent with the ground-state recovery (°T2 — 'A}) process in low-spin Fe(II) complexes. Using

the van’t Hoff relation:
AG°=—-RTInK,, (2.13)

AG°® between the 5T, and 'A; states can be experimentally determined at every temperature at
which %T is measured.

Once combined with VT-TA studies on the SCO complex, which will yield kq, for GSR as
a function of temperature, all of the variables necessary to find A and Hap from eq. 2.2. will have
been acquired. Not only would this be the first instance of defining these parameters for a SCO
complex, but these concrete values will serve as benchmarks to both our previous'® and future
results on LS complexes. To relate as closely as possible to this class of complexes, the SCO
complex studied should be structurally very similar to them (i.e. tris-polypyridyl in nature), as
changes in coordination environment are expected to impact the GSR nuclear coordinate. At the

time of writing, there have been hundreds of examples of Fe(Il) SCO complexes;>*?° however the

Figure 2.3. Drawing of a general [Fe(2-R-phen)s]** complex.

pool of SCO complexes that have a fris-polypyridyl coordination motif is drastically smaller. In

fact, the only potential family of complexes that might fit the bill is a series of [Fe(2-R-phen);]**
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complexes (Figure 2.3), where 2-R-phen is a 1,10-phenanthroline (phen) ligand with a mono-
substitution to the position ortho to a nitrogen atom.

The identity of these substituents has a huge influence on the ground electronic state of the
tris-Fe(II) compound. When R = H, the compound is the well-studied diamagnetic complex,
[Fe(phen)s]**, which is very closely related structurally and electronically to the prototypical low-
spin Fe(Il) complex [Fe(bpy)s]**.” As first noted by Goodwin and coworkers?® in 1968 and then
expanded upon by several others,?’® the addition of a single methyl group to the phen ligand
changes the electronic nature of the ground state of the corresponding Fe(Il) complex, [Fe(2-Me-
phen);]**. The solid-state magnetic behavior of this complex was investigated with variable-
temperature (VT) magnetic measurements and Mdssbauer spectroscopy, revealing a temperature-
dependent effective magnetic moment (Lerr): 5.5 at room temperature and 3.4 at 97 K. On the heels
of these results, researchers then extended the series, observing that [Fe(2-OMe-phen)s]** also
exhibits SCO in the solid state, while [Fe-2-Cl-phen)s]** is strictly HS from room temperature
down to 4.2 K.27?° The origin of the substituent effects on the ground-state of the [Fe(2-R-phen);]**
complexes was hypothesized to be a result of intertwined steric and electronic effects, and in the
discussion section of this chapter further evidence to support this will be provided.

These [Fe(2-R-phen);]** complexes constitute a tantalizing potential series to allow the
explicit determination of A and Hap in geometrically relevant Fe(II) complexes. The first step in
this process will be to confirm the SCO nature of [Fe(2-Me-phen);]** and [Fe(2-OMe-phen);]** in
solution, as solid- and solution-phase magnetic behavior for a given complex can be notoriously
incongruous due in part to lattice effects, cooperativity, phase changes, and ion-pairing.!! Once
established as a bona fide SCO complex in solution through VT magnetic measurements, the

complex(es) will be studied with VT-TA to allow for Arrhenius and Marcus analyses and yield
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unprecedented insight into the nature of the nuclear coordinate defining ground-state recovery in
this class of chromophores.

2.2. Experimental

2.2.1. Synthesis

General. 2-Me-phen®® and 2-Cl-phen’! ligands were prepared according to the literature
procedures. 1,10-phenanthroline (phen) was purchased from Oakwood Chemicals and used as
received. Acetonitrile, methanol, and diethyl ether were dried over neutral alumina under nitrogen.
'"H NMR were collected on an Agilent DDR2 500 MHz spectrometer at the Max T. Rogers NMR
facility at Michigan State University and referenced to residual solvent shifts. Unless otherwise
noted, all reactions were conducted either using standard Schlenk techniques or in an inert
atmosphere glove box (nitrogen-filled, Vacuum Atmospheres). Electrospray ionization mass
spectra were obtained at the Michigan State University Mass Spectrometry and Metabolomics
Core on a Waters G2-XS QTof mass spectrometer interfaced to a Waters Aquity UPLC. Elemental
analyses were obtained through the analytical facilities at Michigan State University on samples
that had been ground in a vial with a glass stir rod in an inert atmosphere glovebox and stored
under vacuum overnight prior to analysis.

2-methoxy-1,10-phenanthroline (2-OMe-phen). The title compound was prepared with a
modified version of the literature procedure.>*> Anhydrous MeOH (50 mL) was cooled in an ice
bath. Sodium metal (1.1 g, 48 mmol) was cut into ~1 cm cubes, washed with hexanes and
isopropanol, and added to MeOH (50 mL) slowly under nitrogen with vigorous stirring. The
sodium was allowed to stir in MeOH until no sodium metal was visible. 2-Cl-phen (515 mg, 2.4
mmol) was added under nitrogen. The ice bath was removed and the reaction was refluxed under

nitrogen for 16 h. The solvent was removed, and the orange residue was taken into water. The
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orange suspension was extracted DCM (3 x 30 mL), dried over sodium sulfate, and the solvent
was subsequently removed, yielding a yellow oil that solidified to a beige solid (439 mg, 87%
yield) upon pumping in a vacuum desiccator. 'H NMR (500 MHz, CDCl3) 9.19 (d, J = 3.89 Hz, 1
H), 8.25(d,J=8.02, 1 H), 8.12 (d, J=8.63, 1 H), 7.76 (d, ] = 8.57, 1 H), 7.68 (dd, J1 = 8.69, J> =
3.02, 1 H), 7.60 (m, 1 H), 7.14 (d, ] = 8.62, 1 H), 4.33 (s, 3 H).
tris(1,10-phenanthroline)iron(Il) tetrafluoroborate [Fe(phen)s](BF4):. In a nitrogen-filled
glovebox, phen (112 mg, 0.62 mmol) was dissolved in MeCN (5 mL). Fe(BF4),02H,>0 (50 mg,
0.19 mmol) was dissolved in MeCN (5 mL) and added dropwise to the phen solution with stirring,
instantly causing a color change to bright cherry red. The resulting solution was stirred overnight,
and enough Et,O was added until precipitation of a red solid was induced. This precipitate was
collected via filtration and washed with Et;O. All spectroscopic characterization matched that in
the literature.®

tris(2-R-1,10-phenanthroline)iron(I) tetrafluoroborate ([Fe(2-R-phen)s;](BFs)). In a
nitrogen-filled glovebox, the 2-R-phen ligand (1.05 mmol) was dissolved in acetone (5 mL) in a
pressure tube. Fe(BF4)202H>O (84 mg, 0.32 mmol) was dissolved in acetone (5 mL) and added
dropwise over 2 min to the ligand with stirring. The resulting red solution was refluxed under
nitrogen for 12 h. Upon cooling, EtO was added until very cloudy, and the suspension was allowed
to sit for 1 h. The orange (in the case of [Fe(2-Me-phen)](BF4). and [Fe(2-Cl-phen)](BF4)2) or red
precipitate (in the case of [Fe(2-OMe-phen)]|(BF4),) was collected via filtration and washed with
Et,0. X-ray quality crystals were grown from ether diffusion into 9:1 MeCN/MeOH solutions of
[Fe(2-OMe-phen);|(BF4), and [Fe(2-Cl-phen)](BF4)2 complexes, and 1:1 acetone/MeOH

solutions of [Fe(2-Me-phen)](BF4)..
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[Fe(2-OMe-phen);](BF4)2. HRMS (ESI-TOF) m/z: [M-2(BF4)]*" calc’d for CsoH3oNeOsFe:
343.0865, obs. 343.0886; Elemental Analysis: Calc’d: C, 54.46; H, 3.52; N 9.77. Found C, 54.21;
H, 3.71; N, 9.79.

[Fe(2-Me-phen)s](BFs)2. HRMS (ESI-TOF) m/z: [M-2(BF4)]** calc’d for C39H30NeFe: 319.0941,
obs. 319.0948; Elemental Analysis: Calc’d: C, 57.68; H, 3.72; N, 10.35. Found: C, 57.05; H, 3.27;
N, 10.01.

[Fe(2-Cl-phen);](BF4);. HRMS (ESI-TOF) m/z: [M-2(BF4)]*" calc’d for CisH2iNeCloFe:
349.0122, obs. 349.0137; Elemental Analysis: Calc’d: C, 49.51; H, 2.42; N, 9.62. Found: C, 49.10;
H, 2.62; N, 9.55.

2.2.2. Physical Characterization

X-ray crystal structure determination. Single-crystal x-ray diffraction data were collected on
suitable crystals of [Fe(2-OMe-phen);](BF4), and [Fe(2-Cl-phen);](BF4), mounted on a Bruker
APEX-II CCD diffractometer with CuK, radiation at the Center for Crystallographic Research at
Michigan State University. These crystal structures have been submitted to the CCDC database
and can be accessed by their CCDC accession numbers: [Fe(2-OMe-phen)s]|(BF4), (CCDC
number:1977342), [Fe(2-Cl-phen)3](BF4)2 (CCDC number 1977386). Single crystals were grown
of [Fe(2-Me-phen);](BF4)2, but all attempts to collect x-ray diffraction at MSU failed. Data were
successfully collected at Rigaku on an XtaLAB Synergy Dualflex HyPix diffractometer equipped
with an Oxford Cryosystems low-temperature device operating at 100.00(10) K. The crystal was
either higher symmetry or whole molecule disordered, or both. As such, the crystal structure
proved connectivity, however no attempt will be made to extract out meaningful bond lengths and

angles.
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Ground-state absorption spectroscopy. All room temperature extinction coefficient
measurements were collected on approximately 0.5 mM solutions of each Fe(Il) complex in
spectrophotometric grade acetone (Sigma Aldrich) in a 1 cm quartz cuvette on a Cary 50
spectrophotometer.

Electrochemistry. Electrochemistry was performed using a CH Instruments potentiostat in a 0.1
M tetrabutylammonium hexafluorophosphate (TBAPF¢) acetone solution with a Pt working
electrode, Pt counter electrode, and a Ag wire pseudo-reference electrode in an Ar-filled glovebox.
Cyclic voltammetry measurements were conducted with a 100 mV/s scan rate to determine the
reversibility of redox processes and differential pulse voltammetry was used to find their
potentials. All potentials were internally referenced to the Fc/Fc* redox couple. TBAPFs was
purchased from Oakwood Chemical Company and recrystallized from ethanol twice before use.
Solid-state Variable Temperature Magnetic Susceptibility Measurements. All measurements
were performed on a Quantum Design MPMS 3 magnetometer cryogen free equipped with an
EverCool He gas regulator interfaced to a Dell PC. Data were collected with an applied field of 1
T in DC mode and with 10 min of temperature equilibration at each temperature point before
scanning began. DC moments were corrected for the diamagnetic contributions attributed to the
straw and bag, as measured in blank experiments. Pascal’s constants were used to correct for the
diamagnetic contribution from the sample.** Crystalline samples were stored in a vacuum
desiccator for one day prior to data collection. Approximately 3-5 mg of the sample were weighed
out and placed in a weighed vacuum sealer bag (approximately 7 x 7 mm, sealed on 3 sides). The
bag was then folded into a cylinder that was no longer than 6 mm and be placed into a plastic

straw, centered on the sample holder, and inserted into the sample chamber, which was purged
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three times prior to sealing. The absence of ferromagnetic impurities was confirmed by measuring
the magnetic moment versus applied field (0-1 T) and ensuring a linear response.
Evans Method for Solution-phase Variable Temperature Magnetic Susceptibility
Measurements.’® In general, an approximately 5 mM solution of the compound under
investigation was prepared in acetone-d¢ (Cambridge Isotope Laboratories) spiked with 3% v/v
spectroscopic grade benzene (OmniSolv). This solution was added to a 5 mm glass insert
(Michigan State University Department of Chemistry Glassblowing Facility). To a NMR tube was
added acetone-ds spiked with 3% v/v spectroscopic grade benzene. The glass insert was placed
inside this NMR tube and sealed tightly with a rubber septum, NMR tube cap, and parafilm. All
measurements were conducted on a Varian 500 MHz spectrometer (Bastet) at the Max T. Rogers
NMR facility at Michigan State University. The temperature of the sample was determined using
a spectroscopic grade methanol standard following temperature equilibration at each temperature
point for 5 min. Samples were allowed to equilibrate at each temperature for 10 min. The accuracy
of this method was tested by measuring the effective magnetic moment (pefr) of
tris(acetylacetonate) chromium(III) (Cr(acac)s) in acetone-ds from 210-310 K. pefr of the Cr(acac)3
standard was measured as 3.85 = 0.03 pg and completely temperature independent.’® For all
samples, a correction was applied to account for the change in density of the solvent with varying
temperature®’ using the previously determined densities of acetone as a function of temperature,*®
as well as the difference in densities of acetone-de (0.872 mg/cm?) and acetone (0.7845 mg/cm?).
Diamagnetic contributions to the magnetic moment were corrected for using Pascal’s constants.>*
The molar susceptibility (y) of the paramagnetic species was determined based on the

frequency of the spectrometer (v), the concentration of the species in the prepared sample ([C]),
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corrected for changes in density as a function of temperature, and the observed difference in the

shifts of the standard, in this case benzene, in the inner and outer tubes (Av) (Equation 2.14).3°

_ 3000Av 2.14
X 47rv[C] ( )

After applying diamagnetic correction factors to y using Pascal’s constants,** the effective

magnetic moment was calculated from the measured magnetic susceptibility (Equation 2.15):
M =2.828xT (2.15)

2.2.3. Variable-temperature optical spectroscopy

General. All variable temperature (VT) optical spectroscopy, with the exception of ultrafast
transient absorption measurements, was conducted in a Janis SVT-100 optical cryostat equipped
with two LakeShore resistive heaters with autotuning temperature controllers (Model 321). The
vacuum jacket of the cryostat was pumped down to a pressure of <1x10-*Pa with a turbomolecular
pump (Pfeiffer Vacuum HiCube 80 Eco pumping station) prior to the addition of liquid nitrogen.
For nanosecond VT transient absorption measurements, a dynamic vacuum was maintained during
data collection, but for all other VT measurements only a static vacuum was used. Room
temperature data were collected in the cryostat before dropping down to the lowest temperature
point to conserve cryogenic fluid. After the desired temperature was achieved, the temperature was
held for 10 minutes before data collection began to ensure temperature equilibration.

Variable Temperature Ground-state Absorption Spectroscopy. Data were collected on a
Perkin Elmer Lambdal050 spectrometer operating in single beam mode. A sample with a known
concentration of the spin crossover complex was prepared in spectroscopic grade acetone to
achieve a room temperature absorbance of approximately 0.1 au at the maximum visible

absorbance in a 1 cm quartz tube. To derive the ground state absorption spectra of the LS and HS
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species and thus guide time-resolved transient absorption measurements, the data were globally fit

to a modified form of the Beer-Lambert law:*°
Absorbance(T,A)=b-c,,, '(]/HS (T)- &5 (A)+ (1= 7,5 (T))- &1 (/1)) (2.16)

Where b is the path length of the cell, ¢ 1s the concentration of the spin crossover complex, yus
is the mole fraction of the HS species (as determined by variable temperature magnetic
susceptibility Evans measurements in the same solvent), ens is the extinction coefficient of the HS
species, and €rs the extinction coefficient of the LS species.

Variable Temperature Nanosecond Time-resolved Transient Absorption Spectroscopy. Data
were collected using a Nd:YAG laser that has been generally described in the past,*!*> but is now
equipped with an Opotek Vibrant 355 LD tunable pulsed laser system with ~5 ns pulses coupled
with an LP980 laser flash photolysis system (Edinburgh Instruments). Samples were prepared with
spectrophotometric grade acetone in an Ar-filled glovebox (Vacuum Atmospheres) with an
absorbance at the pump wavelength between 0.4-0.7 au in a 1 cm cryogenic quartz cuvette
(FireflySci) as measured on a SS1400 CCD spectrometer. Pump power at the laser was between 1-
3 mJ and linearity was checked using a 0.3 OD filter. Alignment of the cryostat in the TA setup
was achieved by putting the white light in CW mode. This steady beam was used to ensure the
probe could hit the sample and land on the monochromator slits, adjusting the cryostat both
vertically and horizontally. During data collection, in addition to collecting scans with both the
pump and probe hitting the sample, two backgrounds were collected and subtracted from the raw
data: one with just the probe traversing the sample and the other just the pump. Depending on
signal strength, 200-500 averages were collected at each temperature point to obtain the best
possible signal-to-noise ratios. For transients with time constants less than 50 ns, multipeak fitting

in Igor Pro (Version 6.37) was used to model the data as an exponentially modified Gaussian
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distribution. For longer time constants, satisfactory fits were achieved using a single exponential
function.
Ultrafast Variable Temperature Time-resolved Transient Absorption Spectroscopy.
Measurements were conducted on samples in spectrophotometric grade acetone and following the
procedure outlined in the 2019 report by Carey et al.!> and Monica Carey’s dissertation.'®
2.3. Results and Discussion
2.3.1. Synthesis

In the original reports of the syntheses of each member of the [Fe(2-R-phen);]** series,?6~
29 a wide variety of Fe(Il) precursors, solvents, and reagent ratios were used. These procedures did
result in the desired complexes, but the authors also noted that ferromagnetic impurities were
present as well. Because we will be extracting thermodynamic parameters from the magnetic
susceptibilities of these compounds, it is of the upmost importance to have pure Fe(Il) complexes.
Therefore, an amended synthetic route was pursued. In the first round of attempts, FeCl2e2H>0O
was added to 3.1 equivalents of a given ligand, a common condition for the synthesis of #ris-
polypyridyl iron(II) complexes in the literature and our lab. However, with this iron(Il) precursor
no desired product was observed for any member of the series besides the unsubstituted phen
complex. Insight behind the failure of this route was gleaned by obtaining a crystal structure of the

product formed from the 2-Me-phen synthesis: [Fe(2-Me-phen),Cl](PFs) (Figure 2.4). Because
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Figure 2.4. X-ray crystal structure of [Fe(2-Me-phen).Cl](PFs).. Hydrogen atoms and
counteranion excluded for clarity.
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relatively weak-field ligands are being employed, the chlorides in FeCl,e2H»O are too coordinating
to allow for complete ligand substitution to occur, preventing the formation of the desired #ris-
complexes.

From this initial observation, an Fe(II) starting material with a less coordinating anion was
employed, Fe(BF4)202H>0, and the complexation was performed at reflux to foment the formation
of the thermodynamically favorable tris complex over the bis product. Acetone was used as the
noncoordinating solvent and no metathesis from the tetrafluoroborate salt was necessary, as the
tetrafluoroborate complexes were suitably soluble in a range of solvents. The 'H NMR spectra of
all members of the series when R # H exhibit broad peaks from -60 to 80 ppm, preventing definitive
structural analysis and indicate the presence of a paramagnetic species at room temperature.
2.3.2. Solid-state characterization: crystal structures and variable-temperature magnetic
measurements

Although we are primarily concerned with the solution-phase magnetic behavior of the
[Fe(2-R-phen);]*>* complexes, an investigation of their solid-state properties can yield insight into
the origin of any SCO observed. Crystals of [Fe(2-OMe-phen);](BF4), and [Fe(2-Cl-phen);](BF4)2
obtained from room temperature complexations led to structures that contained both possible

enantiomers, giving rise to unresolvable disorder in one of the 2-R-phen ligands. However,
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Figure 2.5. X-ray crystal structures of each member of the [Fe(2-R-phen)s](BFa4)-.

Counteranions and solvent molecules are excluded for clarity. [Fe(phen)s;](BF4). was originally
collected by Panja et al. (reference 33).
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conducting the complexation reactions at reflux alleviated these issues, as evidenced by their x-
ray crystal structures (Figure 2.5). Unfortunately, all crystals of [Fe(2-Me-phen)3](BF4)2 grown
resulted in very weak diffraction on MSU’s instruments. Upon collection at Rigaku’s facilities,
higher quality data were obtained, however the data indicate a highly disordered structure. Most
likely this disorder is a result of the presence of both A and A enantiomers within the asymmetric
unit cell. As such, the crystal structure proves that the desired connectivity has been achieved, but
no attempts will be made to extract out bond lengths and angles.

The impact of introducing a non-hydrogen substituent to the ortho-position on the phen
ligands can be observed in the structural parameters of the three [Fe(2-R-phen)s;]** complexes with
acceptable crystal structures (Table 2.3). In general, Fe-N bond lengths in LS complexes are ~1.96-
2.00 A, but for HS complexes they elongate to ~2.00-2.25 A.** The longer bond lengths in the T,
state is a consequence of antibonding e," orbital population, which are unoccupied in the LS 'A;
electron configuration. From these guidelines, we can expect at least some HS population in both
[Fe(2-OMe-phen)s]*" and [Fe(2-Cl-phen)s;]**, which exhibit significantly longer Fe-N bond

lengths and greater deviations from ideal octahedral geometry than [Fe(phen);]**.>3

Table 2.3. Select structural parameters from single crystal x-ray structures.

Complex Average Fe-N Average trans- Average cis-
bond length (A) angle angle
[Fe(phen),](BF,)," 1.97 175.9° 90.04°
[Fe(2-OMe-phen),](BF,), 2.15 169.0° 89.82°
[Fe(2-Cl-phen),](BF,), 2.21 168.1° 91.37°

“X-ray crystal structure from reference 33.

This conclusion is confirmed by examining the solid-state magnetic properties of
crystalline samples of [Fe(2-OMe-phen)s](BF4)2 and [Fe(2-Cl-phen)s](BF4), using variable-

temperature SQUID measurements (Figure 2.6). Although solid-state magnetic data for these
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Figure 2.6. Magnetic susceptibility of crystalline samples of [Fe(2-Cl-phen);](BF4)2 (red circles)
and [Fe(2-OMe-phen)s](BF4)2 (blue circles). Both samples were collected at an applied field of 1
T from 2-315 K.

compounds are available in the literature, the presence of ferromagnetic impurities may have
skewed those results.?’2° In the recollected data, above approximately 50 K, 4T of [Fe(2-Cl-
phen);](BFa), (Figure 2.6, blue circles) is essentially temperature independent at 3.68 cm®mol'K
(Metr = 5.42). While this value is slightly higher than the spin-only value expected for a >T» (4.9),
most likely due to the effects of spin-orbit coupling, it falls well within the range of magnetic
susceptibilities experimentally observed for HS Fe(II) complexes.**
Below ~50 K, the magnetic susceptibility begins to decrease drastically, an effect that can be
attributed to zero-field splitting of a T, Fe(II) center. Overall, the magnetic behavior of crystalline
[Fe(2-Cl-phen)3](BF4), is indicative of a HS Fe(Il) complex, qualitatively matching literature
reports.?’

The magnetic measurements on crystalline [Fe(2-OMe-phen);](BF4), (Figure 2.6, blue
circles) revealed a gradual and incomplete spin-crossover: the magnetic susceptibility decreases

from 3.54 cm®mol 'K (et = 5.32) at 315 K to 0.48 cm’mol 'K (pesr = 1.96) at 50 K. Some high-
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spin fraction remains in [Fe(2-OMe-phen)s](BF4)2 below 50 K, which again gives rise to zero-field
splitting. Sterics alone cannot account for the fact that [Fe(2-OMe-phen);]*>* has some low-spin
population, but [Fe(2-Cl-phen)s]** is strictly high-spin, as a methoxy group is bulkier than a
chlorine substituent and would therefore be predicted to be more likely to stabilize the HS state.
Previous combined computational and experimental studies on over 25 SCO complexes have
concluded that electron-withdrawing substituents can in some instances stabilize the 5T state, but
do just the opposite in others, depending on a finely-tuned balance between Fe-N o- and n-effects
that can be difficult to define without a large number of well-characterized structurally-related
SCO complexes.®

2.3.3. Ground-state absorption spectra
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Figure 2.7. (a) Molar absorptivity of the four members of the [Fe(2-R-phen)s;](BF3); series in
acetone at room temperature: [Fe(phen)s](BFa4)2 (blue), [Fe(2-OMe-phen)s](BF4)2 (red), [Fe(2-
Me-phen)3]|(BF4)2 (yellow), and [Fe(2-Cl-phen)3;](BF4)2 (green) (b) A zoom-in of the ground-
state absorption spectra of the R # H [Fe(2-R-phen)3](BF4)2 in acetone at room temperature.
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Another sign of some HS population in these complexes is found in the ground-state
absorption spectra of the series (Figure 2.7). For the diamagnetic [Fe(phen)s](BF4)> complex, the
absorption spectrum strongly resembles that of many other low-spin tris-polypyridyl-iron(II)
complexes,'> with a broad, relatively intense (extinction coefficient of 1.0 x 10* M'lecm™)
absorption in the mid-visible region at 510 nm (19600 cm™'), which can be assigned as 'A; —
L3SMLCT transitions. Introduction of a non-hydrogen substituent to the ortho-position of the
phenanthroline ligand drastically decreases the extinction coefficients of the Fe(I) complexes in
the visible region by almost an order of magnitude and shifts the maxima of these features to bluer
wavelengths. The lower molar absorptivity of these complexes is consistent with HS population at
room temperature, as the oscillator strength of >T> — SMLCT features is expected to be weaker
than the MLCT transitions originating from low-spin ground states. This is due to the longer Fe-
N bond lengths present in high-spin complexes, which decrease metal/ligand orbital overlap and
attenuates m-back-bonding from the metal. From these measurements, it is clear that solution-phase
magnetic data is necessary to determine if any of these members of the series are SCO and will
enable the experimental determination of the free energy difference between the 'A; and T, states.
2.3.4. Temperature-dependent solution-phase magnetic behavior of [Fe(2-R-phen)s3](BF4)>

To investigate the magnetic behavior of the [Fe(2-R-phen)s;]** series in solution, variable-
temperature (VT) magnetic susceptibility measurements were conducted in acetone using Evans
NMR method on all four complexes. First, [Fe(phen);](BF4), was found to be completely
diamagnetic from 210-310 K, as expected for a LS Fe(Il) compound. The explicit value of ¢ T for
this complex was below the detection limit of Evans method and therefore must be close to ~0
cm’mol 'K, consistent with the absence of unpaired electrons. On the opposite end of the spectrum,

[Fe(2-Me-phen);](BF4). and [Fe(2-Cl-phen)s](BF4)2 had magnetic behavior characteristic of a 3T
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Figure 2.8. Magnetic susceptibility of [Fe(2-R-phen);](BF4)2 series measured in ~5 mM acetone
solution with Evans method.

HS state (3.34 and 3.30 cm*mol 'K, respectively) at room temperature and virtually no change in
magnetic susceptibility upon cooling (Figure 2.8). It should be noted that 210 K was the lowest
temperature accessible for these measurements not because of the freezing point of acetone (178.5
K), but due to the inability to shim the NMR magnet below this temperature. In both complexes,
the measured ¢ T values are higher than the spin-only value of 3.00 cm*mol'K for noninteracting
HS Fe(II) due to orbital contributions to the moment.**

Finally, ¥T of [Fe(2-OMe-phen);](BF4), at room temperature was close to that of the
completely HS complexes, 3.18 cm®mol'K at 310 K. However, unlike the other members of the
2-R-phen series, ¥T of [Fe(2-OMe-phen)s;](BF4), exhibited clear temperature dependence,
dropping to 1.68 cm®mol'K at 210 K (Figure 2.8, blue circles), a hallmark of a SCO complex. To
confirm that the temperature-dependent yT was not a consequence of ion-pairing, which can

modulate the ST»/'A; energy gap in some Fe(Il) complexes,* variable-concentration VT Evans

method was collected on [Fe(2-OMe-phen)]** (Figure 2.9).
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No concentration dependence was observed over the experimentally accessible concentration
range, so either ion-pairing is not occurring or it is not affecting the energy gap differently over

this concentration range.
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Figure 2.9. Magnetic susceptibility of [Fe(2-OMe-phen);](BF4)2 in acetone at three different
concentrations.

Therefore, [Fe(2-OMe-phen)s]*" will be the complex that will allow for the explicit
determination of AG, and subsequently a more in-depth Marcus analysis of the T, — 'A;
transition. First, fitting the SCO complex’s VT-magnetic data to the ideal solution model shown
in eq. 2.8 while fixing ¥TLs at O yields values for the change in enthalpy associated with SCO as
well as Ti» (Figure 2.10a). The values for AH and AS (1200 + 50 cm™ and 5.5 £ 1 cm 'K,
respectively) obtained from the fit fall within the those reported for other Fe(Il) SCO complexes
in solution.**#748 The magnitudes of AH and AS indicate that [Fe(2-OMe-phen);]** is stable in an
acetone solution, as higher values (>2500 cm™! for AH and >10 cm™'K"! for AS) have been observed

for complexes that dissociate or undergo ligand exchange.*’
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Figure 2.10. (a) Variable-temperature magnetic susceptibility of [Fe(2-OMe-phen)3;]** in acetone,
fit to an ideal solution model with ¥Trr fixed at 0 to yield AH = 1200 + 50 cm™, T1, =210+ 3
K, xTur = 3.46 cm*mol'K. (b) Mole fractions of the low-spin and high-spin states of [Fe(2-
OMe-phen);]** in acetone as a function of temperature.

The ideal solution fit predicted that for [Fe(2-OMe-phen);]** in acetone, T approaches
3.46 cm*mol 'K (uns = 5.26 + 0.2) in the high-temperature limit, and we will use this value as the
completely HS magnetic susceptibility (¥ Tus) for this complex. However, over the experimentally-
accessible temperature range, [Fe(2-OMe-phen)s;]*" in acetone never achieves exclusive
population of the low-spin state, which is common for SCO in solution as the absence of lattice
effects and significant cooperativity tend to lead to more gradual spin conversion processes than
those observed in solid state.*” Therefore, we will assume that as [Fe(2-OMe-phen)s;]** approaches
100% low-spin population, the magnetic susceptibility (}TLs) is ~0 cm®mol 'K (as expected for a
diamagnetic complex). The low-spin and high-spin mole fractions (yLs and yus) may be calculated
using equations 2.10 and 2.11 (Figure 2.10b), and subsequently the equilibrium constant for the

T, — A conversion (Ku) may be calculated (eq. 2.12).
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A van’t Hoff plot of the temperature dependence of Kur (Figure 2.11a) is linear over the
temperature range studied, indicating that AH and AS for spin conversion in this complex are not
appreciably temperature dependent. In addition, the values for AH and AS found from the van’t
Hoff model correspond well to those calculated from the ideal solution model of the T versus

temperature data. AG® for the T, — A process, calculated from the Kur values using eq. 2.13,
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Figure 2.11. (a) van’t Hoff plot of the calculated equilibrium constants for the >T> — A
conversion of [Fe(2-OMe-phen);](BF3) in an acetone solution. The red line corresponds to a
van’t Hoff model to yield AH = 1200 cm™ and AS = -5.4. (b) Calculated AG values as a function
of temperature.

are displayed graphically in Figure 2.11b. The change in sign of AG® at the lowest temperature
point, 210 K, reflects the favored population of the LS state at lower temperatures and the entropy-
driven nature of the spin conversion process. This analysis of the temperature dependent magnetic
measurements on the SCO complex [Fe(2-OMe-phen);]*" have allowed for a detailed

characterization of the thermodynamics of the spin conversion process, and will therefore enable
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a more in-depth analysis of the T» — 'A; recovery kinetics than ever before experimentally
possible.
2.3.5. Electrochemistry

Although we do not need to approximate AG® for [Fe(2-OMe-phen)s]** from
electrochemistry, as the previously discussed VT magnetic susceptibility measurements have
provided much more accurate values than would be possible using the electrochemical
approximation given in eq. 2.6, electrochemical measurements will be necessary to approximate
AG® for the low-spin complex [Fe(phen)s;]**. Cyclic voltammetry (Figure 2.12a) and differential

I o xidation

pulse voltammetry of the low-spin complex in acetone revealed a quasi-reversible Fe
with E1» = 695 mV (versus Fc/Fc'), which is within error of the Fe'"™ oxidation potential of
[Fe(bpy);]*" in acetonitrile.!> Therefore, from the approximation in eq. 2.6, the values of the
STo/'A; free energy gaps in [Fe(bpy)s]*" and [Fe(phen)s;]** are identical at -7300 + 730 cm. The

origin of the oxidation potential observed in [Fe(2-OMe-phen)s]*" (Figure 2.12b) is more
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Figure 2.12. Cyclic voltammograms of (a) [Fe(phen)3;](BF4)2 and (b) [Fe(2-OMe-phen)s](BF4)>
in acetone solutions with 0.1 M TBAPF¢ and referenced internally to the Fc/Fc* couple.
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ambiguous than that observed for a completely low-spin complex because 95% of the SCO
complex is populating the T, state at room temperature. As such, when eq. 2.6 is used to
approximate AG®, a completely unrealistic value of -6570 + 660 cm™ is obtained, one that is in
complete disagreement with the value calculated from magnetic measurements and if accurate,
would indicate that [Fe(2-OMe-phen)3]** is a low-spin complex, which is clearly not true.
2.3.6. Variable-temperature ground-state absorption spectroscopy

The next step in unequivocally determining the Marcus parameters for ground-state
recovery in the SCO complex [Fe(2-OMe-phen)s]** is to measure kqr as a function of temperature.
Our group has well-established procedures for collecting these data on LS Fe(II) complexes,'>1¢
however the experiment is slightly more complicated in a spin-crossover complex. For the former
class of compounds, to observe the decay of the photo-induced °T state down to the 'A; ground
state, a pump wavelength is chosen that will achieve excitation into the !A; — MLCT absorption
feature, as in almost all known Fe(Il) polypyridyls the transiently populated MLCT manifold
undergoes ultrafast deactivation into the HS T ligand field state, so when observing kinetics on
timescales longer than ~10 ps, only ground-state recovery will be observed. However, for spin-
crossover complexes, in which both the 'A; and T, states are populated, care must be taken to
selectively excite into an absorption feature that originates from the !A; to remain comparable to
the kinetic studies on completely low-spin Fe(Il) polypyridyls, as there are some studies that have
reported photo-induced kinetics following excitation into a ST»-based absorption feature in spin-

crossover complexes.*** Therefore, to choose pump/probe combinations for VT transient
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absorption, variable-temperature steady-state absorption was collected on [Fe(2-OMe-

phen)3](BF4)2 in an acetone solution.

At room temperature, 95% of [Fe(2-OMe-phen);]** in solution is in the °T» state (Figure
2.10b), and correspondingly its ground-state absorption spectrum is typical of a high-spin
complex: a broad absorption feature arising from >T, — MLCT transitions (Figure 2.13a). As the
sample is cooled (i.e. the population of the 'A; state increases) the molar absorptivity of the MLCT
feature increases and shifts to lower energies (Figure 2.13a), a result of the shorter Fe-N bond
lengths in the low-spin state and higher oscillator strength of the 'A; — MLCT transitions. At
the lowest temperature measured, the absorption spectrum of [Fe(2-OMe-phen);]** more closely

resembles that of the low-spin complex [Fe(phen)s;]** than that of the high-spin [Fe(2-Cl-phen);]**

(Figure 2.7a), as the majority of the complex is now low-spin.
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Figure 2.13. (a) Steady-state absorption spectrum of [Fe(2-OMe-phen);](BF4), in acetone

collected at four different temperatures. (b) Calculated spectra of the completely high-spin and
low-spin forms of [Fe(2-OMe-phen);]|(BF4). in acetone.
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By extending the classic form of Beer’s law to include absorption from both a low- and
high-spin species in the same sample*? (eq. 2.16), the data shown in Figure 2.13a can be fit using
global analysis to extract out the predicted extinction coefficients of the completely low- and high-
spin forms of [Fe(2-OMe-phen)s]** (Figure 2.13b), providing a guide to time-resolved absorption
studies. The T, predicted spectrum lacks virtually any absorption at wavelengths redder than 540
nm, while the 'A; absorbs strongly from the near-UV to ~600 nm. Even in the range through which
the absorption features of the !A; and T states overlap, i.e. bluer than 540 nm, the 'A; state has
an extinction coefficient between 5-50 times higher than that of the >T,. Therefore, selective
excitation from the !A; may be achieved by using almost any pump wavelength in the visible
region.

2.3.7. Variable-temperature transient absorption spectroscopy: A low-spin Fe(Ill) complex

For the spin-crossover complex [Fe(2-OMe-phen)s]?*, measuring knr as a function of
temperature will provide the last experimentally-accessible variable necessary to determine the
values of A and Hap that define the 3T> — 'A; decay process. Since we would like to relate these
findings to ground-state recovery of low-spin Fe(Il) polypyridyl complexes in general, the Marcus
parameters of the low-spin member of the [Fe(2-R-phen)s]** series, [Fe(phen)s]*, will be
determined in the manner described in our 2019 Chemical Science report!> to have the closest
structural and electronic analog possible. Then, the GSR dynamics of the SCO complex will be

presented and put the approximated Marcus values into context.
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Ground-state recovery of [Fe(phen)s](BF4) in acetone solution was monitored at 510 nm
following 'A; — “MLCT excitation at 537 nm at five temperature points from 210-293 K (Figure
2.14a). At room temperature, the lifetime of the >T, excited state was measured as 1.20 + 0.04 ns,
within error of the 1.1 £ 0.1 ns lifetime that Tribollet et al. found for the same complex in

acetonitrile,* as well as the lifetime of [Fe(bpy)3;]Clz in acetone (Table 2.4).!6 The Arrhenius and
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Figure 2.14. (a) Ground-state recovery kinetics of [Fe(phen);]** in acetone solution monitoring
at Aprobe = 510 nm following 'A; — MLCT excitation at Apump = 537 nm. (b) Arrhenius plot for
ground-state recovery of [Fe(phen);]** in acetone from 210-293 K. The solid line represents a fit
to the Arrhenius model to yield A =200+ 15 ps! and E. =370 + 20 cm!. Plot shown is the
average between two different data sets.

Marcus values obtained for [Fe(phen)s;](BFs). will be discussed in comparison to [Fe(bpy)s]**, as
our group has established that these parameters are not drastically altered upon introduction of

substituents for [Fe(bpy’)s]*" (where bpy’ = 4,4’-dimethyl-2,2’-bipyridine or 4,4’-di-tert-butyl-

Table 2.4. Summary of electrochemical and variable temperature transient absorption
measurements for two low-spin iron(Il) complexes.

Complex AE* (V) TrT (DS) Ea(cm) A (psh)

[Fe(bpy)s]CL" 0.68 1.13£0.05 295 +10 255+20

[Fe(phen)s;](BF4): 0.69 1.20+0.04  370+20 200 £ 15
*From Monica Carey’s dissertation, reference 16.
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2,2’-bipyridine), but are when the coordination environment is changed, i.e. in [Fe(terpy):2]** and
[Fe(dcpp)2]** (terpy = 2,2°:6,2”-terpyridine and dcpp = 2,6-bis(2-carboxypyridyl)pyridine).

Despite the practically identical room temperature behavior between [Fe(phen)s](BF4)2 and
[Fe(bpy)3]ClL: (Table 2.4), differences between these two prototypical low-spin Fe(Il) complexes
become apparent when the GSR dynamics are studied as a function of temperature. An Arrhenius
analysis of the temperature dependence of ki for GSR in [Fe(phen):](BF4): yielded an activation
energy for the °T> — 'Aj process of 370 + 20 cm™!, significantly larger than that found for
[Fe(bpy)3]CLz in acetone (Table 2.4), as well as the activation energies measured for the entire
series of substituted bpy complexes.!> The larger barrier to GSR in [Fe(phen);](BF4), is most likely
not a consequence of a significant change in AG® between the 'A; and T, states relative to the
bpy-based complexes, as the oxidation potential of [Fe(phen)s;](BF4). is essentially identical to that
of [Fe(bpy)s3]*>* (Table 2.4) Instead, the larger barrier is more likely a consequence of the increased
rigidity of phen versus bpy, which is also the reasoning behind the fact that the rate of nonradiative
decay from the *MLCT in [Ru(phen)s;]*" is almost double that of [Ru(bpy)s]**.>* Accordingly, the
value of A in [Fe(phen)s]?*, is larger than that of [Fe(bpy)s;]Cl, (Table 2.5), but due to the large
error bars introduced by the approximation of AG®, it is not significantly so. On the other hand,
the electronic coupling constant for [Fe(phen)s;]** is significantly smaller than that of [Fe(bpy)s]*",
and therefore their [Hap|*/A ratios are also outside of error from one another. The origin of these
differences is not immediately obvious, as Hap reflects the second order spin-orbit coupling
Table 2.5. Marcus parameters for two low-spin Fe(II) polypyridyl complexes in acetone at

room temperature. AG® was found from the electrochemical approximation discussed in the
text.

Complex AG° (cm™) A (em™) Hab (cm™) |Heab|*/A
[Fe(bpy]Cl a0, 2a0 109001000 42502 1/(36%5)
[Fe(phen);[(BFs), 11400+ 800  3.6+0.1  1/20+4)

*From Monica Carey’s dissertation, reference 16.
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between the 5T, and 'A; through a 3T state, and therefore may suggest that, contrary to what the
oxidation potentials suggest, the ligand field strength in [Fe(phen)s]** is not identical to that of
[Fe(bpy)s;]*". However, we are unable to definitively reach this conclusion without a more accurate
measure of AG® in these two low-spin complexes.

Carey et al. hypothesized that the magnitude of the |Hab|*/A ratios provide unique insight
into the nature of the nuclear coordinate, especially because these values can be found directly
from the experimentally-determined Arrhenius data, without making any approximations.'®> The
intermediate |[Hab|*/A ratio of [Fe(phen)s;]**, between that of [Fe(bpy);]*" (Table 2.5) and
[Fe(terpy)2]** (1/14 £+ 9)!5, may be an indication that the increased rigidity of the phen ligand has
an effect on the geometric distortions that drive the kinetics of GSR. However, the fact that the
|Hab|*/A ratios, Ea, and A values are relatively similar between [Fe(bpy)s]** and [Fe(phen)s]*" (i.e.
not as drastically different as these parameters are between [Fe(bpy)s]**, [Fe(terpy)s:]**, and
[Fe(depp)2]*H)'S, is a good indication that describing the nuclear coordinate of phenanthroline-
based Fe(IT) complexes will provide relevant nuclear coordinate information for a broader class of
Fe(IT) chromophores.

2.3.8. Variable-temperature transient absorption spectroscopy: A spin-crossover Fe(Il) complex

Guided by the previously discussed variable-temperature steady-state absorption
measurements, the kinetics for ground-state recovery of [Fe(2-OMe-phen)s](BF4): as a function of
temperature were measured using nanosecond VT-TA (Figure 2.15a). At room temperature, the
excited-state lifetime in acetone was 15 £ 1 ns, much longer than the °T, lifetime in
[Fe(phen)s](BF4)2. Dropping in temperature, the lifetime at 210 K extended to 1.00 = 0.01 ps,
indicating a much larger barrier to GSR in this SCO complex than in all previously measured low-

spin complexes. As a SCO complex, the observed rate constant for excited-state decay (kobs) in
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[Fe(2-OMe-phen)s]*" is an amalgam of the rate constants for both the °T> — 'A; and 'A; — T»

processes (kur and kin respectively):!
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Figure 2.15. (a) Variable-temperature time-resolved absorption kinetic traces of [Fe(2-OMe-
phen)3](BF4)2 in an acetone solution. Over the temperature range 260-300 K, the kinetics were
monitored at 510 nm following !A;—>MLCT excitation at 540 nm and at lower temperatures,
210-250 K, the kinetics were monitored at 570 nm following 'A;—MLCT excitation at 510 nm.
(b) Arrhenius plots of ki (red) and kin (blue), with the solid lines as fits to the Arrhenius
model. For ki, Ea= 1100 + 20 cm™ and A = 1.33 x 10? s7! (R? = 0.99). For kiu Ea = 2560 + 80
cm! and A =1.58 x 1013 571 (R? = 0.99)

As such, we must extract the rate constants for each process from kops using the equilibrium

constants determined from the previously discussed equilibrium constants:

b

K, =L (2.18)

HL
HL

o

A subsequent Arrhenius analysis (Figure 2.15b) revealed a barrier to the 5T> — 'A; conversion of
1100 + 20 cm!, almost three times larger than the measured barrier in [Fe(phen)s;](BF): (Figure

2.14c). Even larger, as expected, is the activation energy for the reverse process, the !A; — T
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conversion (Ea = 2560 + 200 cm™), a process that does not occur in LS complexes. There are a few
other reports of activation energies for the >T» — 'A; conversion in SCO complexes in solution;
however the observed barrier in [Fe(2-OMe-phen)s;]*" falls mid-range of those in the
literature,401-32

Finally, using equations 2.3 and 2.4, A and Ha, were calculated at every temperature point
from the frequency factor and activation energy, inputting the AG® values found from magnetic
susceptibility measurements. The electronic coupling constant was essentially invariable over the
entire temperature range at 1.4 + 0.2 cm™!' (Figure 2.16a) while the reorganization energies were
moderately temperature dependent: 3300 + 100 cm™! at 300 K and 4600 + 100 cm™ at 210 K
(Figure 2.16Db). These experimentally-determined values for A and Hap, for a SCO complex confirm

that the magnitudes of the values for A and Ha, predicted from ultrafast VT-TA and

electrochemistry for [Fe(bpy’)s]*" are reasonable, and the °T> — 'A; conversion occurs within the
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Figure 2.16. Calculated Marcus parameters found for [Fe(2-OMe-phen);](BF4). in acetone from
210-300 K. (a) The electronic coupling constant (Hap) and (b) The reorganization energy (A) for
the 5T, — 'A; conversion.
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Marcus normal region. The value for Hab predicted previously from free ion terms by Jortner,>
170 cm!, is not accurate to describe the electronic coupling between the 'A; and T states.

The approximately three times smaller value for A in [Fe(2-OMe-phen)s]*" than
approximated for the low-spin complexes at room temperature makes sense when the relative
magnitudes of the nuclear distortion between the 5T, and 'A; states (AQus/s) are considered. Due
to the steric and electronic perturbations from the 2-OMe substitution, [Fe(2-OMe-phen);]**
cannot adopt a 'A; geometry that is contracted as is possible in the low-spin state in [Fe(phen)s]**.

This is shown schematically in Figure 2.17: if the magnitude of AQus/Ls is decreased between a
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Figure 2.17. Hypothetical potential energy surfaces for the 'A; (blue traces) and >T> (red traces)
states for (a) a low-spin Fe(Il) polypyridyl complex and (b) a spin-crossover complex.

low-spin complex (Figure 2.17a) to a spin-crossover complex (Figure 2.17b), the reorganization
energy will decrease. This schematic also accounts for the smaller >T»/!A; energy gap in a spin-
crossover complex than a low-spin complex, which contributes to the larger barrier measured in
the former. The lower Ha, value found in [Fe(2-OMe-phen)s](BF4)2 than in the low-spin
complexes may reflect the decreased ligand field strength, which should attenuate the degree of

second-order coupling between the 'A; and °T; states.
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2.4. Concluding remarks

In this chapter, the thermodynamics of the equilibrium between the 'A; and T states in a
tris-polypyridyl Fe(I) spin-crossover complex, [Fe(2-OMe-phen)s;]**, were determined in solution
using variable-temperature magnetic measurements. When coupled to variable-temperature
transient absorption spectroscopy, these experiments enabled a complete description of the Marcus
parameters associated with the 5T> — 'A; ground-state recovery process in the same complex, a
feat that is currently impossible for low-spin Fe(II) complexes due to the inability to measure the
ST, — A driving force in these systems. The experimental determination of the values for A and
Hab associated with GSR in [Fe(2-OMe-phen)s;]** is not only the first example of doing so, but also
confirms the assumptions made in a previous report about the magnitudes of these values in low-
spin Fe(Il) complexes. With these experimental data in hand, we can now begin to dissect the
reorganization energy into the vibrational modes that it reflects, as we are ultimately interested in
defining the kinetically relevant geometric motions associated with excited-state evolution in
Fe(IT) polypyridyls. Most likely this will need to be done in collaboration with computational
chemists, however in the next chapter of this dissertation I will attempt to do so through a mixture
of experiment and theory. Expanding the approach outlined in this chapter to other Fe(Il) SCO
systems will demonstrate how general the values A and Hab found for [Fe(2-OMe-phen);]** are,
and if changing the coordination environment (i.e. the nature of the donor atoms or the denticity

of the ligands) will profoundly change the nature of the nuclear coordinate of GSR.
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Figure 2.19. '"H NMR of [Fe(2-OMe-phen)3](BF4), in acetone-ds.
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Figure 2.22. ESI-MS of [Fe(2-Cl-phen)s](BF4)2. Top: calculated isotope pattern for [M-
2(BF4)]*" (C36H21N6Cl3Fe). Bottom: experimental result.
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Figure 2.23. ESI-MS of [Fe(2-OMe-phen);|(BF4).. Top: calculated isotope pattern for [M-
2(BF4)]*" (C39H30NsOsFe). Bottom: experimental result.
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phen)3](BF4)2 and (b) [Fe(2-Cl-phen);](BF4)2. Both samples were collected at 100 K and the red
lines are fits of the data to a linear regression.
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Figure 2.25. ESI-MS of [Fe(2-Me-phen);](BF4)2. Top: calculated isotope pattern for [M-
2(BF4)]*" (C39H30NgFe). Bottom: experimental result.
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Figure 2.26. Effective magnetic moment of a 4 mM solution of Cr(acac)s in acetone using
variable-temperature Evans method.
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CHAPTER 3. A SEMI-CLASSICAL AND QUANTUM-MECHANICAL ANALYSIS OF
GROUND-STATE RECOVERY IN AN IRON(II) SPIN-CROSSOVER
COMPLEX
3.1. Introduction

In Chapter 2, A and Hab, the reorganization energy and the electronic coupling constant for
ST — 'A; decay in an Fe(Il) spin-crossover complex, were found. These experimentally-
determined values served as validation for those approximated in low-spin Fe(IT) complexes.!
However, the ultimate goal of this dissertation is to exert kinetic control over the MLCT — °T»
decay. To do so, the nature of the nuclear coordinate describing this electronic transition, i.e. which
vibrational modes are coupled to nonradiative excited-state evolution, must be identified.
Therefore, in this chapter we will delve more deeply into nonradiative decay models that can
describe ground-state recovery in the spin-crossover complex [Fe(2-OMe-phen);](BF4); in an
effort to define the kinetically relevant vibrational mode(s) for this process. Then, information
about the geometric distortions important between the ground state and *MLCT excited state will
be gained using a Ru(Il) analog of the spin-crossover complex. Together, these experimentally-
grounded analyses will provide the necessary information to better define, and subsequently
disrupt through synthetic modification, the nuclear coordinate for excited-state evolution in an
Fe(II) spin-crossover complex.
3.1.1. Nonradiative decay theory applied to ground-state recovery

For the purposes of the subsequent discussion, a brief summary of the origins of two
commonly employed models of nonradiative decay will be provided, highlighting the major
assumptions implied as well as the differences between the two. However, the details of the

mathematics behind their derivations will not be discussed in detail, as they have been extensively
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presented elsewhere. Some excellent resources are Don DeVault’s book on quantum-mechanical
tunneling in biological systems?, a broad review on electron transfer,® and a more recent review of

quantum effects in biology.* A good starting point for the comparison of nonradiative decay

models is the so-called “golden rule”?3--10

k = %”\Habf \FC (3.1)

where the rate constant (kn,) is related to the electronic coupling constant between the reactant and

Energy

Xro Xc  Xpo
Nuclear Coordinate

Figure 3.1. Diabatic energy curves for the reactant and product of an electron transfer. See text
for a description of parameters. Reproduced from Barbara, et al.

product (Hab) and FC is the Franck-Condon overlap factor. Here, the Born-Oppenheimer rule has
been followed and the electronic and nuclear terms are treated separately. The two non-radiative
decay models differ in that the FC overlap factor is either treated classically in the case of Marcus
and quantum mechanically in the case of Jortner.

Marcus theory has its origins in transition state theory and was developed to describe
electron transfer reactions both at electrodes and in solution.!'"'* The Eyring equation (eq. 3.2)

was the basis of Marcus theory, with ki as function of the probability of an electronic
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rearrangement occurring (kB) and the probability of traversing a barrier, which requires a free

energy of activation (AGT).

k, T

‘

ko= K’Bexp( AG J (3.2)
B

Marcus expanded upon the AGT term by considering harmonic potential energy curves for the

reactant (Vr) and product (Vp) described by identical frequencies, with equilibrium geometries of

Xroand Xpyp, respectively, along a one-dimensional nuclear coordinate (Figure 3.1). The equations

for the parabolas associated with the reactant and product are:

2
k(X =Xeo) | (3.3)
R 2 R
2
o X Xa) (34)
P 5 P

Er and Ep are the energies of the reactant and product in their equilibrium geometries and ky is the
force constant for the vibration describing the motion along the nuclear coordinate. The angular

frequency () of this vibration can be described as
k 1/2
e (_HJ (3.5)

where M is the reduced mass of the oscillator. If we define the change in equilibrium geometry

along the nuclear coordinate (AQ) as

AO=X,,—X,, (3.6)

then we can also define the reorganization energy (1), or the amount of energy required to change

the geometry from Xgr to Xp,o without transferring an electron, as:

P kH(ﬁQ)z _ Mo’ (A0) (3.7)
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The reorganization energy of a given electron transfer event is affected by both intramolecular
rearrangement, or inner-sphere reorganization energy (Ai), and changes in the solvent environment,
or outer-sphere reorganization energy (Ao). We must prepare for the fact that the value of A; may
contain contributions from more than one intramolecular vibrational mode if the nuclear
coordinate describing ground-state recovery in Fe(Il) polypyridyls is multi-dimensional, as A; will

be a summation of all values of A describing the coupled vibrational modes:
2
A=Y, =4 [(A0) (3.8)
i i

with f as the force constant for a given vibrational mode. Keeping this in mind, we can describe
the activation energy (E'), for an electron transfer reaction that proceeds along the nuclear

coordinate X':
X=X, - X,, (3.9)

as:

= :@ (3.10)

So now, E can be described in terms of the geometric changes that occur along the relevant nuclear

coordinate, AQ, and the energy difference between the reactant and product (AE):

ET:M—AE (3.11)

Combining equations 3.7, 3.10, and 3.11 yields:

(/1+AE)2
42

E’r — (3.12)

The energy terms (Er, Ep, AE, and E"), used in equations 3.3-3.12 can be replaced with their free

energy analogs (Gr, Gp, AG®, and AG") if we assume that there is no entropic contribution to the
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free energy terms, or AS° = AST = 0. We will use the free energy terms in the subsequent
discussions of Marcus theory and will address the non-zero value of AS® in the application of the
theory for the >T2/'A; conversion in Fe(Il) systems.

While the derivation for the nuclear motion pertinent to electron transfer was treated
classically by Marcus, the probability of electron transfer (xB) was instead treated quantum

mechanically, following the formulation of Landau and Zener?:

2 2 1
e oL (3.13)
hlo 47k, T

Where [Hap| is the magntidue of the electronic coupling matrix between the reactant and the
product. To describe Hab in the ground-state recovery process in Fe(II) complexes specifically,
there is no direct coupling term between the 'A; and °T: states, only second-order spin-orbit

coupling through a 3T state, as described by Griffith:!?

<1A1g\ﬁab 3T1g>=—\/54 (3.14)
(7, || T, ) =3¢ (3.15)

where C is the spin-orbit coupling constant for Fe(Il). Consequently, the electronic coupling

constant relevant to this discussion is:

1, =_3ﬁg2u5] . A}EJ (3.16)

and
AE, =ECT)—ECT,) (3.17)
AE,=ECT)-E(A) (3.18)

Inserting equations 3.12 and 3.13 into Eyring’s original equation (eq. 3.2) yields:
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) 1 —(/1+AG°)2
Xp (3.19)

2
k,, ==~ e
JAmAk,T 40k, T

nr h | ab

the semi-classical form of the Marcus equation used in Chapter 2 of this dissertation, with a
classical treatment of nuclear motion, represented by the Franck-Condon overlap factor in eq. 3.1.
This condition is only valid for temperatures at which the molecule is fully vibrationally excited,
or the accessible thermal energy is much larger than the spacing of the vibrational levels on the
reactant and product surfaces, i.e. kg7 >> hm. While Marcus’ semi-classical equation has garnered
wide-spread use, it erroneously predicts that as the temperature of system approaches 0 K, the rate
should also approach 0 s!. This is simply not true from many electron transfer reactions,>* calling
for the consideration of non-classical nuclear motion.

In 1980, Joshua Jortner applied a quantum-mechanical model for nonradiative decay to
spin conversion in first-row transition metals in solution, and his initial approximations showed
promise in modelling the data available at the time.'® In this theory, the electron transfer event is
not considered the result of going over a barrier, but instead is modelled as going through a barrier.
In other words, the nuclear motion is treated quantum-mechanically, which allows for nuclear
tunneling and therefore a non-zero electron transfer rate at low temperatures. Here we will simply
consider nuclear tunneling as the result of overlap between the vibrational wavefunctions
associated with the product and reactant surfaces, shown schematically in Figure 3.2, which is an
expansion of the potential energy surfaces in Figure 3.1.

First, we will consider the effects of quantum-mechanical tunneling qualitatively, then we
will show the expressions used to derive a relationship between knr and temperature. In the example

shown in Figure 3.2, at very low temperatures (kg7 < hw), only the n = 0 vibrational state is
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Figure 3.2. Energy surfaces of the reactant (R) and product (P) of an electron transfer reaction
along a unitless one-dimensional nuclear coordinate. n and n’ refer to the vibrational states of the
reactant and product, respectively. Reproduced from DeVault book.

populated on the reactant surface. Because there is some overlap of the vibrational wavefunctions
between the n = 0 vibrational state on the reactant surface and the n’ = 9 vibrational state on the
product surface, nuclear tunneling can occur, so even at these low temperatures the rate of electron
transfer is non-zero. As the temperature is increased, thermal population of higher vibrational
states increases in the reactant (following a Boltzmann distribution), thus increasing the amount of
overlap between the vibrational wavefunctions associated with the reactant and product electronic
surfaces, thereby increasing the probability of nuclear tunneling and the rate of electron transfer.
When the temperature is high enough that k37 > hw, the rate of electron transfer may be
sufficiently described by the Arrhenius model, however nuclear tunneling is still the dominant
mechanism for electron transfer and the observed rate may be described as the sum of the different

rates of tunneling from the reactant to each vibrational level of the product. More generally, when
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ksT > ho, the fully quantum mechanical and semi-classical models should converge and both
accurately predict the temperature dependence of ky;.
Quantitatively, Jortner begins his derivation from a nonadiabatic form of the Golden

2,16 ;

rule,~'° i.e. an expansion of the expression in eq. 3.1:

\Pf><Zi |Zf><¢l |¢;>‘2 (3.20)

<

Where gr is the degeneracy of the final electronic state and Ayigr is an operation that thermally

27[ c N C N
k. :?ngW %f5(AE+EZf +E), ~E,~E} )
279

averages the vibrational states of the reactant, or initial state:

AV () = CZSZ Xp M () (3.21)
1 i Xipi

In this expression the Z; terms represent the partition functions of the solvent (Z°) and

intramolecular motion of the complex (Z°):

ZGXP ; (3.22)

Zexp{ o } (3.23)

It should be noted that a nonadiabatic expression for spin conversion in solution is only appropriate

if the electronic coupling between the two states is small, i.e.

<] (3.24)
hoy Ak, T

We know that this condition is met by plugging in the values for Ha, and A measured for an iron(II)

spin crossover complex in Chapter 2 and assuming that the frequency of the mode coupled to the
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spin conversion process is greater than 1 cm™. By combining equations 3.20-3.23, the quantum-

mechanical expression can be condensed into eq. 3.25:

'F (3.25)

2
k, = %gf|Hab

by expressing the thermally averaged nuclear Franck-Condon vibrational overlap factor as F. An
analytical expression for F can be defined by making two main assumptions. First, the solvent can
be represented by low frequency modes, such that hws << kg7, and therefore these modes can be
represented by Es, the semi-classical solvent reorganization energy. Second, the spacing between
the vibrational levels in the reactant and product will be assumed to be large and identical, and it
follows that the nuclear coordinate describing the conversion from reactant to product can be

defined by a single mode. Then the Franck-Condon factor can be expressed as:

F= 1 -exp{—icothx—px}-l (Lj (3.26)
ho r

fiw fiwsinh x

Where 1, is the modified Bessel function of order p:

x) &
]p—(z] %W (3.27)

and
ho
- 3.28
kT (-28)
_AE 3.29)
P ho G.

Combining together these descriptions and considering that for spin conversion in Fe(II)

complexes, where gr= 1, an expression for the rate may be defined as:
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= hzz—i;‘Hab zexp{%coth(%j— 223ET}.]" ‘ E P j (3.30)
hwsinh| ——
2k,T
Eq. 30 is the form of Jortner’s nonradiative decay theory that will be applied to ground-state
recovery in an Fe(Il) SCO complex in this chapter.

In this analysis, we will first simply observe whether or not temperature independence of
knr for GSR of [Fe(2-OMe-phen);]** occurs over the experimentally-accessible temperature range
(for these studies, 145-300 K). This finding will reveal if the semi-classical model is sufficient to
describe the °T> — 'A; conversion in solution, i.e. if the kg7 >> A condition is fulfilled, or if the
quantum-mechanical model is necessary and the frequency of the vibrational mode defining this
segment of the nuclear coordinate is small compared to the thermal energy available at low
temperatures. From there, we will fit the k,, versus temperature data with eq. 30 over a span of A®
values and qualitatively evaluate the model’s ability to reproduce the experimental data. The
frequencies that provide reasonable fits can be visualized with DFT frequency calculations to get
an idea of the geometric distortions that describe AQLr/Gs, the nuclear coordinate of ground-state
recovery. Various iterations of this analysis have been attempted before in the past, namely by
Hendrickson and coworkers on a SCO complex in a polystyrene matrix!’and through a glass-to-
fluid transition'®, and also by Hauser on low-spin Fe(IT) complexes in dilute crystal mixtures and
embedded in polymer matrices.!” However, there have been serious shortcomings with the work

done in solution, and as such they will be overcome here.
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3.1.2. Franck-Condon analysis of emission from a MLCT excited-state

We are attempting to not only identify AQLr/Gs, but also the nuclear coordinate defining
the *MLCT — °T» conversion (AQwmrctir). As this process typically occurs on sub-200 fs
timescales,?®?! variable temperature time-resolved measurements would have little practical
significance, ruling out direct approaches to define AQmrct/Lr. Therefore, a more indirect route to
defining AQmrctr Will be taken. After identifying the modes composing AQrrGs using the
analysis described above, the nuclear coordinate between the 'A; and *MLCT excited state,
AQmrct/cs, Will also be identified (Figure 3.3). Our computational collaborators, Jakubikova and

22,23 on

coworkers, have done DFT and complete active space self-consistent field calculations
[Fe(terpy):2]** and [Fe(bpy)s;]*" to determine which geometric distortions provide low-energy
pathways for the *MLCT — T, conversion. With experimental values of A for AQmrcr/gs and

AQrrcs to benchmark these types of calculations, the Jakubikova group can establish which

geometric motions are the lowest energy pathway at the intersection of AQwmrct/gs and AQrr/Gs.

Energy

: AQLFGs

Nuclear Coordinate

Figure 3.3. Schematic of relevant potential surfaces along a one-dimensional nuclear
coordinate.
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To define AQwmrct/Gs, a ruthenium(Il) analog of the spin-crossover complex used to find
AQrrcs will be utilized. The geometric changes associated with the SMLCT excited state
compared to the ground state are largely ligand-based.?*2° Therefore, as long as identical ligand
systems are used, information about the geometric distortions that occur with the *"MLCT — 'A;
decay in a Ru(II) complex should be a good approximation to those that occur in the corresponding
Fe(IT) complex. Ru(Il) polypyridyl complexes tend to have emissive *MLCT excited states, and
their steady-state emission profiles can be fit to a single-mode Franck-Condon analysis (eq. 3.31)*’

to yield Amwm, the average frequency coupled to the SMLCT — !A; intersystem crossing.

5 _ 3 Vi 7 2
10)= 3 4] Lo Vel @u | |50\l gin(2)] LBt Val1 O 3.31)
" p
V=0 Eo V' AV0,1/2

In this equation, the intensity of emitted light (I) at a given frequency + can be defined by the
zero-point energy difference between the emitting state and the ground state (Eo), spectral
bandwidth (A o,12), the vibrational spacing (hwwm), an index vum that runs over the number of
vibrational levels of hmwm in the ground state that serve as the final vibronic states, and Huang-
Rhys factor (Sm), which is reflective of the relative displacement between the two states involved
in the emissive process. This analysis provides a comparatively straight-forward route to describe
AQmrct/igs. Combining these two approaches, one comparing the ability of semi-classical and
quantum-mechanical nonradiative decay theories to model the temperature dependence of kx: in
an Fe(II) spin-crossover molecule and the other utilizing a Ru(II) to analog of the SCO complex,
should yield information about AQrrcs and AQwmrctcs and provide the experimental data

necessary to predict how these two portions of the nuclear coordinate intersect.
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3.2. Experimental section

3.2.1. Synthesis

General synthesis. Unless otherwise noted, all reactions were conducted either using standard
Schlenk techniques or in an inert atmosphere glove box (nitrogen-filled, Vacuum Atmospheres).
Tetrakis(dimethylsulfoxide) ruthenium(Il) dichloride was prepared according to the literature
procedure®® by Dr. Daniela Arias-Rotondo. 2-methoxy-1,10-phenanthroline and [Fe(2-R-
phen)3](BF4)2 were prepared according to the procedures given in Chapter 2. MeOH, MeCN, and
Et20 were bubble degassed with nitrogen, dried over activated neutral alumina, and pumped into
an inert atmosphere glovebox. Anhydrous acetone was purchased from Acros Organics. All other
reagents and solvents were purchased from either Sigma Aldrich, Acros Organics, or Oakwood
Chemical Company and used as received. Size-exclusion chromatography was performed with
SorbaDex lipophilic hydrophilic gel filtration matrix (Sorbtech). 'H NMR were collected on a
Agilent DDR2 500 MHz spectrometer and referenced to residual solvent shifts. Electrospray
ionization mass spectra were obtained at the Michigan State University Mass Spectrometry and
Metabolomics Core on a Waters G2-XS QToF mass spectrometer interfaced to a Waters Aquity
UPLC. Elemental analyses were obtained through the analytical facilities at Michigan State
University on samples that had been ground in a vial with a glass stir rod in an inert atmosphere
glovebox and stored under vacuum overnight prior to analysis.
tris(2-methoxy-1,10-phenanthroline)ruthenium(Il) tetrafluoroborate. In a 2-neck flask, 2-
OMe-phen (167 mg, 0.79 mmol) was dissolved in EtOH/H>O (50 mL/25 mL). The solution was
bubble degassed with N> for 30 min and the flask was wrapped in foil to exclude light.
Ru(DMSO0)4Cl> (116 mg, 0.24 mmol) was added under nitrogen and the suspension was degassed

for 10 min. AgOTf (15 mg, 0.59 mmol) was added under nitrogen and the suspension was refluxed
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for 48 h while monitoring the reaction by ESI-MS to watch for the disappearance of Ru(2-OMe-
phen)2Clz. After cooling to RT, the reaction was filtered through Celite, and the solvent was
removed from the bright orange filtrate. The orange solid was dissolved in H>O (5 mL), and NaBF4
(263 mg, 2.4 mmol) was added. The orange solution was stirred overnight, resulting in an orange
precipitate, which was collected via filtration and washed with H>O. Excess sodium salts were
removed by size-exclusion chromatography in MeOH. X-ray quality crystals were grown from
diethyl ether diffusion into acetone/methanol solutions of the complex. 'H NMR (500 MHz,
acetone-de) 8.78 (m, 3 H), 8.65 (d, J =8.98, 1 H), 8.59 (m, 2 H), 8.11-8.40 (m, 8 H), 8.01 (d, J =
5.0, 1 H), 7.63 (m, 3 H), 7.50 (m, 3 H), 3.37 (s, 3 H) . Sufficient concentrations of the compound
could not be achieved to obtain a clear 3C NMR spectrum. HRMS (ESI-TOF) m/z: [M-2(BF4)]**
calc’d for C3oH30NsO3Ru: 366.0717, obs. 366.0661; Elemental analysis (% calc’d, % found) for
C39H30N6O3RuB2Fs: C (51.74, 49.97) H (3.34, 3.50) N (9.28, 9.20).

3.2.2. Physical Characterization

X-ray crystal structure determination. Single-crystal x-ray diffraction data were collected on
suitable crystals of [Ru(2-OMe-phen);](BF4), mounted on a Bruker APEX-II CCD diffractometer
with MoK, radiation at the Center for Crystallographic Research at Michigan State University,
and the crystal structure data may be obtained from the CCDC accession code 1875433.
Solution-phase Variable Temperature Magnetic Susceptibility Measurements. All
measurements were performed on a Quantum Design MPMS 3 magnetometer cryogen free
equipped with an EverCool He gas regulator interfaced to a Dell PC. Data were collected with an
applied field of 1 T in DC mode and with 10 min of temperature equilibration at each temperature
point before scanning. DC moments were corrected for the diamagnetic contributions attributed to

the straw and solvent, as measured in blank experiments. Pascal’s constants were used to correct

84



for the diamagnetic contribution from the sample.?’ Calibration was performed by measuring the
magnetic susceptibility a | mM solution of analytically pure Cr(acac)s in 9:1 methanol-ds/ethanol-
ds. Sample preparation was performed in the procedure suggested by Dr. Rodolphe Clérac of the
Centre de Recherche Paul Pascal. Crystalline samples were stored in a vacuum desiccator for one
day prior to data collection and an approximately 1 mM solution in methanol-ds/ethanol-ds were
made. Extensive sonication (~30 min) was required to achieve this concentration for all solutions
prepared, but care was taken to ensure the sample did warm significantly above room temperature.
Using a food sealer, a seal was made in a plastic straw (Cancun Mexican Grill, Okemos, MI) at
the appropriate length to ensure sample centering once in the magnetometer. 100 puL of the 1 mM
solution was placed in the sealed straw. The straw was flushed with Ar and a second seal was made
2 inches above the first, perpendicular to the original seal. The sample was then loaded into the
magnetometer and the sample chamber was evacuated. Following this preliminary evacuation, the
sample was removed from the magnetometer and checked to ensure no leaks in the sealed straw.
The density of the plastic straw is of the upmost importance for this sample preparation method,
as straws that are too thin will form seals that are prone to leaking and straws that are too thick
will not form a strong seal. The absence of ferromagnetic impurities was confirmed by measuring
the magnetic moment versus applied field (0-1 T) and ensuring a linear response.

Room temperature steady-state emission spectroscopy. Steady-state emission was collected on
samples prepared in an Ar-filled glovebox with an absorbance between 0.1-0.2 at the excitation
wavelength, as measured on a SSI400 CCD spectrometer, in matched 1 cm quartz cuvettes
(FireFlySci) and adapted at the MSU Glassblowing Shop to extend the neck of the cell and enable
sealing with PTFE Kontes valves to ensure air-free measurements. Data were collected on a Horiba

Fluorolog-3 fluorimeter and corrected for instrumental response using a NIST standard of spectral
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irradiance (Optronic Laboratories, Inc., OL220 M tungsten quartz lamp). Background scans of the
solvent in the cell with the Xe lamp on and off were both subtracted from the sample data. Emission
quantum yields of the samples (®x) were found relative to the emission quantum yield of a standard
(Ds1a), in this case [Ru(bpy)s](PFs)2, by the following equation:

I 2
=0, IA [n_] (3.32)
l%td nStd

Where Ix and Isq are the measured emission intensities of the sample and standard, Ax and Agq are

the absorbances of the sample and standard are the excitation wavelength, and nx and nsw are the
refractive indices of the solutions (assumed to be equal to the refractive indices of the neat
solvent).?® The value of Dgq, in the case of [Ru(bpy)3](PFs): in degassed acetonitrile, is 0.095.3°
Low-temperature steady-state emission spectroscopy. Absolute quantum yields at 77 K were
collected on samples prepared in an Ar-filled glovebox in solutions of spectroscopic grade 9:1
MeOH/EtOH (Alfa Aesar/Acros Organics) in sealed quartz test tubes with a round cross section
and an absorbance at the excitation wavelength of 0.2-0.4, as measured on a SSI400 CCD
spectrometer. Data were collected on Hamamatsu Photonic Quantaurus absolute PL QY
spectrometer (C11347) using the liquid nitrogen accessory.

Room-temperature time-resolved emission spectroscopy. Data were collected on Professor
Gary Blanchard’s time-correlated single-photon counting (TCSPC) system, which has been
described previously.?! Briefly, the system is fit with a CW passively mode-locked light source,
diode-pumped Nd:YVO4 laser (Spectra Physics Vanguard) with 13 ps pulses; this laser’s output
pumps a cavity-dumped dye laser (Coherent 702-2), which generates 5 ps pulses in the 430-850
nm range. Samples were prepared in spectroscopic-grade acetone (Acros Organics) in an Ar-filled

glovebox using the same cells as for room temperature steady-state emission measurements.
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Resonance Raman. Data were collected with the assistance of Allison Stettler using equipment
in Professor Proshlyakov’s lab at Michigan State University using 488 nm excitation (200 mW) in
a spinning cell to prevent sample degradation. The scattered light was collected at 90° relative to
the incident light and analyzed using a single polychromator (model TRIAX 550; Jobin Yvon)
equipped with an imaging CCD detector (model 5000; Jobin Yvon).

Variable Temperature Nanosecond Time-resolved Transient Absorption Spectroscopy. Data
were collected by the procedure given in Chapter 2 of this dissertation on samples prepared in an
Ar-filled glovebox in 9:1 solutions of spectroscopic grade MeOH/EtOH.

Density Functional Theory Calculations. Geometry optimizations and frequency calculations
were conducted for the 'A; and °T, electronic states of [Fe(2-OMe-phen);]** and [Fe(2-Cl-
phen);]** using the Gaussian 16 package’?> with B3LYP, the Becke 3-parameter hybrid density
functional based on the correlation function of Lee, Yang, and Parr33¢ and the 6-311G(d, p)
Pople-type basis set.’’#! X-ray crystal structures were used as the starting point for geometry
optimizations of both the 'A; and T states. To ensure that the optimized structures were global,
not local, minima, the frequency calculations were checked for the absence of negative
frequencies.

Fitting to Marcus and Jortner Models. A fitting procedure for both models was written in
Mathematica by Stephen Yuwono and subsequently edited, inputting the experimental values for
kar, AG, and T, and in the case of the Jortner model, Aw. The average values of A and Hap, as

calculated from the methods outlined in Chapter 2, were the starting guesses in the fitting.
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3.3. Results and Discussion
3.3.1. Magnetic susceptibility and variable-temperature ground-state recovery of [Fe(2-OMe-
phen)s3](BF4)2 in 9:1 methanol/ethanol

The synthetically accessible SCO complex selected for the initial semi-classical and
quantum-mechanical descriptions of ground-state recovery was [Fe(2-OMe-phen)s](BF4)2, whose
synthesis, ground-state recovery, and magnetic characterization from 210-300 K in acetone were
given Chapter 2 of this dissertation. For our intended comparison of the semi-classical and
quantum-mechanical theories of ground-state recovery, it would be beneficial to go as low as
possible in temperature while remaining in fluid solution, as it is expected to see a divergence
between Marcus and Jortner’s theories at low temperatures. Therefore, the magnetic susceptibility

of [Fe(2-OMe-phen);](BF4)2, was measured in a solution of 9:1 methanol/ethanol, at solvent
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Figure 3.4. (a) Magnetic susceptibility of three Fe(Il) complexes in 1 mM solutions in 9:1
methanol-ds/ethanol-ds, collected at an applied field of 1 T. (b) Magnetic susceptibility of [Fe(2-
OMe-phen);|(BF4)2 in 9:1 methanol-ds/ethanol-ds, collected with with an applied field of 1 T and
fit to an ideal solution model to yield AH = 1090 + 25 cm™ and Ti» =225 + 2 K.
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mixture that has a freezing point of ~145 K. In another deviation from the procedure given in
Chapter 2, temperature-dependent magnetic susceptibility measurements were collected using
SQUID magnetometry instead of Evans NMR method, as with the latter technique it was not
possible at temperatures below 210 K due to the inability of the NMR magnet to shim at these
lower temperatures.

Figure 3.4 displays the variable-temperature magnetic measurements of three Fe(Il)
complexes in approximately 1 mM methanol-ds/ethanol-ds solutions from 100-300 K.
Qualitatively analogous to the data presented in Chapter 2, only [Fe(2-OMe-phen)s]** displays
SCO behavior, while [Fe(2-Me-phen);]** and [Fe(2-Cl-phen)s;]** are essentially only high-spin in
fluid solution. The minor dependence on the magnetic moment of [Fe(2-Cl-phen);]*" on
temperature could indicate some slight population of the low-spin state upon cooling, however this
population does not exceed ~10%. The slight lowering of ¥T of [Fe(2-Me-phen);]** at higher
temperatures may be attributed to spin-orbit coupling.*? It is not unusual to observe solvent-
dependent magnetic behavior of Fe(Il) complexes with ligands that impose a ligand-field strength
close to the SCO region, however in the case of the [Fe(2-R-phen);]** series it is apparent that any
fluctuations in the relative ligand field strengths of these complexes is not significant enough to
impact their SCO character, or lack thereof.

From the magnetic data of [Fe(2-OMe-phen);]**, it becomes apparent that the magnetic
moment plateaus at ~0.61 cm’mol 'K (perr = 2.2), well above the expected spin-only value for a
completely low-spin Fe(Il) complex (0 cm’mol'K). This may arise due to temperature
independent paramagnetism.* Because of this plateauing at lower temperatures, the ideal solution
model cannot extrapolate a reasonable value of (¥T)s, or the magnetic susceptibility of the

completely low-spin form of [Fe(2-OMe-phen);]**. As such, in the same analysis outlined in
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Chatper 2, the mole fraction of the high-spin (yns) and low-spin (yLs) species at every temperature

was found with the expression:

— ZT_(ZT)LS
T T AT s~ (T, (3.33)

With (¥T)is approximated as 0 cm’mol'K and (xT)us, the magnetic susceptibility of the
completely HS form of [Fe(2-OMe-phen)s]**, taken as 3.52 cm®mol 'K from the ideal solution fit.
With the relative concentrations of the high- and low-spin states at each temperature in hand, the
equilibrium constant (Keq) defining the HS/LS equilibrium can be found as a function of

temperature, subsequently allowing for the determination of AG® using the van’t Hoff relation:
AG°=-RTInK, (3.34)

Just as knr was measured for the ground-state recovery process in [Fe(2-OMe-phens|** from

the transiently populated 5T state as a function of temperature in an acetone solution with variable-

|nkH|_
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Figure 3.5. Arrhenius plot of kur from variable-temperature transient absorption spectroscopy of
[Fe(2-OMe-phen);](BF4)2 in 9:1 methanol/ethanol, with the solid line as the fit to the Arrhenius
model, yielding E. = 1260 + 40 cm™ and A =9.37 x 10° s'! (R? = 0.99).
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temperature transient absorption spectroscopy (VT-TA) in Chapter 2, the measurements were
conducted in 9:1 methanol/ethanol solutions. Using Keq from magnetic measurements, kur was
extracted from the observed rate constants at each temperature, and the Arrhenius plot for kur
yielded the activation energy (E,) and frequency factor (A) for the 5T> — 'A; conversion (Figure
3.5). It should be noted that kur. is dependent on temperature over this temperature range (145-300
K).

The barrier measured for the T, — 'A; conversion in this alcohol solution is higher than
that measured in acetone (Table 3.1), which can be explained by examining the experimentally-
determined values of AG® (from the magnetic data) and A (from the combined Arrhenius and
Marcus analysis described in Chapter 2 and reference 1). At 300 K, AG® is smaller in 9:1
methanol/ethanol than in acetone, which on its own would result in the opposite trend in activation
energies than observed. However, A in the 9:1 methanol/ethanol solution is much higher than in
acetone, which overrides the effects of the decreased AG®° and raises the °T»/'A; barrier. This
increase in A upon changing solvent highlights the outer sphere component (A,) of the total
reorganization energy. In this specific case, one could imagine hydrogen-bonding between the
methoxy substituent on the ligand and solvent being more prevalent in the alcohol solution than in
acetone, raising Ao. Although the exact value for the dielectric constant of the 9:1 methanol/ethanol
solution has not been measured, it is expected to higher than that of acetone (20.7 at 298 K), as the
dielectric constants of its components are both higher (MeOH = 32.7, EtOH = 24.3 at 298 K).

Therefore, it is not expected that the differences summarized in Table 3.1 are due to changes in

Table 3.1. Parameters defining the T» — 'A; conversion in [Fe(2-OMe-phen);](BF4); in
acetone and 9:1 methanol/ethanol at 300 K.

Parameter Acetone 9:1 MeOH/EtOH
Ea(cm™) 1100 +20 1260 + 40
AG® (cm™) 510 +£20 365+5
A (em™) 3300 = 100 5800 = 200
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ion-pairing upon changing the solvent, as no ion-pairing was observed in acetone (Chapter 2), and
ion-pairing becomes less probable with increasing dielectric constant.
3.3.2. Comparison of semi-classical and quantum-mechanical models of nonradiative decay
Now that we have experimental data for AG® and kur in fluid solution from 145-300 K, we
can begin to compare the ability of the semi-classical (eq. 3.19) and quantum-mechanical (eq.
3.30) theories to model these data. First, ki as function of temperature and AG® was fit according
to Marcus theory (Figure 3.6). As is evident from the ability of the semi-classical theory to fit the
data, even at lower temperatures (Figure 3.5 and 3.6b), the condition that kg7 >> ho is fulfilled. If

the kinetically relevant mode for ground-state recovery were characterized by a frequency of
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Figure 3.6. Rate of nonradiative decay from the T, — 'A; in [Fe(2-OMe-phen)s](BF4)2 in 9:1
methanol/ethanol as a function of temperature. Black dots are individual data points, and the
orange line is the fit to Marcus theory to yield Aavg = 3350 + 250 cm™ and Hay = 1.7 £ 0.4 cm™!.
(a) Data and fit from 145-280 K. (b) Data and fit from 145-220 K.

250 cm! as suggested by Hauser for a series of other low-spin and spin-crossover complexes,**

this condition would not be met. Indeed, for a 250 cm™ mode, k5T is equal to hw at 360 K, and
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Figure 3.7. Semi-classical (Marcus) and quantum-mechanical (Jortner) fits of the temperature
dependence of ki in [Fe(2-OMe-phen)s](BF4)2 in 9:1 methanol/ethanol.

therefore we would expect to observe some temperature independent kinetics over the
temperatures studied here. The mere fact that no temperature independent kinetics are observed
for ground-state recovery in [Fe(2-OMe-phen)s;]*" from 145-300 K, and therefore the semi-
classical theory for nonradiative decay can sufficiently model its behavior, suggests that the
kinetically relevant mode is below 150 cm!, within the limits of a single-mode approximation.
We can further our analysis by fitting kur versus temperature with the quantum-mechanical
model, eq. 30, while fixing Aw at various frequencies and examining their fits (Figure 3.7) as well
as their associated values of Aavg and Hap (Table 3.2). When the frequency of the mode is fixed at

60 cm™! and 100 cm!, the fits to the data, Aave, and Hap are all indistinguishable from those

Table 3.2. Values of A and Hap obtained from semi-classical and quantum-mechanical fits.

Fit )\-avg (cm-l) Hap (cm'l)
Marcus 3350 +250 1.7+ 0.4
Jortner 60 cm’! 3350 +250 1.7+ 0.4
Jortner 100 cm™ 3300 + 250 1.6+0.4
Jortner 250 cm™! 3450 =230 1.7+ 0.4
Jortner 500 cm™! 5000 + 300 43+1.0
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associated with the semi-classical fitting. Small but noticeable systematic over-estimations of kn,
are seen when ho is increased to 250 cm!, but the parameters associated with this fit are still
within error of the lower-frequency fits. Increasing Ao to 500 cm’! results in a clearly
unsatisfactory fit, and the values found for Aayz and Hap are well above those calculated for the
semi-classical theory. It should be noted that although both models assume that the driving force
associated with the electron transfer process of interest is temperature independent, i.e. there is no
entropic component to AG®, they both are capable of adequately reproducing the experimental
temperature dependence of knr, despite the fact that this assumption is not acceptable for the T
— 1A conversion. We were able to circumvent this constraint by independently measuring AG®°
over the entire solution-phase temperature range, allowing us to fit ki as function of both
temperature and the driving force, thereby accounting for the small but non-zero AS associated
with ground-state recovery.

The convergence of the semi-classical and quantum-mechanical theories for nonradiative
decay when Aw is less 250 cm™ and the fact that the semi-classical theory can effectively model
the data down to 145 K provides experimental evidence that AQrr/gs is defined by a vibrational
mode that has a frequency of less than 250 cm™. The largest caveat to this conclusion is that these
models operate under a single-mode approximation, and therefore instead of representing a unique
vibrational mode, this limit for the value of A® could represent the average between two or more
modes, including those associated with the solvent. While this most certainly is the case, we argue
that to reach such a low average frequency, if assuming a multi-mode coordinate, low frequency
modes must be important nonetheless. There is a formulation of the quantum-mechanical theory

that accounts for a multi-configuration nuclear coordinate,*> however because reasonable fits can
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be obtained with the single-mode theory, the significance of a multi-coordinate analysis would not
be clear.
3.3.3. Visualization of low-frequency modes in [Fe(2-OMe-phen)s;]** with DFT frequency

calculations

105 cm”’ 435 cm-!

Figure 3.8. Diagrams of geometric distortions associated with 105 cm™! and 435 ¢cm™ modes of
the 3 T state of [Fe(2-OMe-phen)s]**, as predicted by DFT frequency calculations. Visual
molecular dynamic figures were prepared by Bryan C. Paulus.

Now, we would like to visualize the geometric distortions associated with vibrational
modes at frequencies lower than 250 cm™!. Therefore, DFT frequency calculations were conducted
on [Fe(2-OMe-phen);]** in the °T> state in solution. In general, the modes below 250 cm™ were
characterized by Fe-N bond deformations, while above this threshold the vibrations are related to
distortions of the ligands. This contrast is highlighted by comparing two modes that both have Fe-
N stretching character: 105 and 435 cm™! frequencies (Figure 3.8). The higher frequency mode,
which according to our quantum-mechanical analysis is not a good representation of the kinetically

relevant mode for ground-state recovery, has a high degree of ligand bending motion

95



accompanying the changes in Fe-N bond lengths and angles. On the other hand, the 105 cm™ mode
has very little twisting of the ligand, only translational motion in response to the changing Fe-N
bond lengths. This confirms previous hypotheses that the geometric changes coupled to the >T> —
'A; conversion are Fe-N in character, and that synthetically modifying the ligand backbone would
have little effect on AQrp/gs.***7
3.3.4. AQumrcrsGs from spectral analysis of [Ru(2-OMe-phen)s](BF4):2

With a firm grasp on the identity of AQrrGs, we can turn our attention to defining
AQwmic/cs using the Ru(IT) analog of [Fe(2-OMe-phen)s]?*. First, [Ru(2-OMe-phen)s;](BF4), was
synthesized by modifying a procedure by Hammarstrom and co-workers for synthesizing sterically
strained polypyridyl Ru(Il) complexes,*® where the chlorides of the Ru(DMSO)4Cl, starting
material are stripped off with Ag" in the presence of the ligand at reflux. Synthesis of the fris-
compound was achieved, but a high-quality crystal structure was elusive, as two of the three 2-
OMe-phen ligands were highly disordered due to the presence of both enantiomers (Figure 3.9a).
The absorption spectrum of [Ru(2-OMe-phen);]** (Figure 3.9b, green trace) is typical of a Ru(Il)
polypyridyl complex,* with a broad A1 — MLCT absorption feature centered at 465 nm. At room
temperature, following excitation into this MLCT absorption, the complex is very weakly emissive
(Figure 3.9b). This emissive feature is barely above the detection limit of our fluorimeter, so only
an approximate radiative quantum yield (®;) of ~1 x 10 can be found, two orders of magnitude
lower than the benchmark Ru(II) polypyridyl, [Ru(bpy)s]**, for which ®; = 9.5 x 1023

Time-resolved emission on [Ru(2-OMe-phen)s]*" in acetone was collected on a total-
correlated single photon counting instrument with the help of Professor Gary Blanchard, as the
excited-state lifetime was below the IRF of our nanosecond system. Following excitation into the

MLCT absorption feature, the *MLCT excited-state lifetime was found to be 1.90+0.01 ns (Figure
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3.9¢), significantly reduced from the MLCT lifetime in [Ru(bpy)3;]**, 950 ns.>° Insight into the
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Figure 3.9. (a) X-ray crystal structure of [Ru(2-OMe-phen)s](BF4).. Counteranions and
hydrogen atoms have been omitted for clarity. (b) Room temperature ground state absorption
(green trace) and steady-state emission of [Ru(2-OMe-phen);](BF4)2 (red trace). Emission
spectrum was collected in deoxygenated acetone following excitation at 475 nm, blue line
represents a fit to an asymmetric double sigmoidal function. (c) Time-resolved emission of
[Ru(2-OMe-phen);](BF4); in acetone monitoring at 610 nm following excitation at 475 nm, fit
to a single exponential (blue trace) to yield a time constant of t= 1.9 + 0.01 ns. (d) Steady-state
emission of [Ru(2-OMe-phen);](BF4)2 in 4:1 methanol/ethanol at 77 K, exciting at 475 nm.
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origin of the low @, and short *MLCT excited-state lifetime observed in [Ru(2-OMe-phen);]** can
be gleaned from examining the radiative (k;) and nonradiative rates of decay from the MLCT."!
While in [Ru(bpy)s]** karis only one order of magnitude faster than k; (9.53 x 10° and 10.0 x 10*
s, respectively),”® in [Ru(2-OMe-phen)s]*" knr far outpaces k: (5.3 x 108 and 5.3 x 10* s,
respectively). The increase in knr for [Ru(2-OMe-phen)s]** is likely a result of the presence of
lower-energy T ligand-field excited states, which provide nonradiative decay pathways from the
SMLCT, than in [Ru(bpy):]*" and other complexes utilizing stronger-field ligands. It is
unsurprising that 2-OMe-phen imparts a weak enough ligand-field strength to diminish emission
from the SMLCT so greatly, as this effect has been reported in [Ru(6-Me-bpy);]** (6-Me-bpy = 6-
methyl-2,2’-bipyridine).>!

However, at 77 K in a solvent glass, the nonradiative deactivation into ligand-field states
slows to such an extent that a well-resolved steady-state emission spectrum with vibronic
progressions can be observed (Figure 3.9d). From a single-mode Franck-Condon analysis® of this
low-temperature spectrum to eq. 3.31, a value of 1320 cm! is obtained for Ao, the vibrational
mode coupled to the MLCT — !'A; transition. This frequency falls within the range reported for

3033 and corresponds to aromatic C=C bond stretches,

numerous Ru(Il) polypyridyl complexes,
consistent with the fact that geometric distortions associated with the MLCT excited state relative
to the ground state are mostly ligand-based.?+2¢
3.4. Concluding remarks

A convergence of semi-classical and quantum-mechanical theories of nonradiative decay

to describe the temperature dependence of knr for the T2 — 'A; process in a polypyridyl Fe(II)

spin-crossover complex, [Fe(2-OMe-phen);]**, was observed only when the frequency of the mode

vi q)r = kr/kobs and kobs = kr + knr

98



coupled to this transition is less than 250 cm™. Coupled with DFT frequency calculations, these
results have allowed us to conclude that AQrr/gs is defined by Fe-N stretching and torsional modes,
and that deformations of the ligand backbone are not kinetically relevant. Furthermore, a single-
mode Franck-Condon analysis of the low-temperature steady-state emission spectrum of the Ru(II)
analog to the Fe(II) SCO complex determined that the average frequency of the vibrational modes
coupled to the SMLCT — !A; transition is 1320 cm'!. We can translate these findings to describe
AQwmictcs in [Fe(2-OMe-phen)s]** as composed of aromatic C=C bond stretching in the ligand.
These experimentally grounded conclusions about the nature of AQrrGs and AQwmrct/gs can be
used as benchmarks for computational work to elucidate how these two segments of the nuclear
intersect and glean which geometric distortions are coupled to the MLCT — T transition in [Fe(2-
OMe-phen);]**. Although the characterization of both [Fe(2-OMe-phen);]** and [Ru(2-OMe-
phen)s]** suggest that these complexes are typical of their class and therefore the results presented
here can be extended to other Fe(II) polypyridyl complexes, the application of this approach should
be combined to other Fe(Il) SCO complexes to confirm this assumption. Specifically, studying
Fe(IT) SCO complexes with different coordination environments and varying the denticity of the
coordinating ligands would be useful to investigating how general the results presented on [Fe(2-
OMe-phen);]** are. Finally, one of the most robust manners to prove that specific modes are
relevant for a given electronic transition is to synthetically modify a molecule to target these modes
and look for changes in the excited-state dynamics that suggest perturbation of a given nuclear
coordinate. Attempts along these lines for low-spin Fe(II) polypyridyls are presented in the next

chapter of this dissertation.
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Figure 3.10. (a) Calibration of solution-phase SQUID methodology with Cr(acac)s in a 9:1
methanol/ethanol solution, collected in DC mode with an applied field of 1 T. (b-d) Variable
field magnetic measurements in 9:1 methanol/ethanol solutions at 100 K of (b) [Fe(2-OMe-
phen)3](BF4)2, (c) [Fe(2-Cl-phen)s](BF4)2, and (d) [Fe(2-Me-phen)3](BF4).. The red lines are fits
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CHAPTER 4. ATTEMPTED SYNTHESIS OF HEXADENTATE FE(II) SPIN-
CROSSOVER COMPLEXES
4.1. Introduction

The analysis described in Chapters 2 and 3 is quite similar to that described in Hendrickson
and coworker’s 1987 report! on complex believed to exhibit SCO behavior: a member of a series
of closely related complexes, [Fe((6-Me-py)s-x(py)xtren)]*" (Figure 4.1). In this series, a methyl
substituent is systematically introduced to the 6-position of each pyridyl group, and each additional
methyl group lowers the ligand-field strength of the hexadentate ligand. As a result, the Fe(Il)
complex with the unsubstituted pyridyl ligand (complex 1 in Figure 4.1) is completely low-spin,
and the Fe(Il) complex with the completely methylated ligand is strictly high-spin (complex 4) in
solution. Consequently, asymmetric methyl substitution (complexes 2 and 3) were shown to result
in complexes that had temperature-dependent magnetic and optical properties, indicating their

characterization as SCO complexes. This series seemed to provide an excellent platform to probe

HZN\/\N/\/NH2 + N 1) NaOMe, MeOH, 20 min
FeCI -2H,0 g

NHPF
*3HCI X equiv. 3-x equiv.
2PF
V{fjﬁ :x=3,R=R=H
:x=2,R=H, R =CH,
x=1,R=CH;, R =H
x=0,R=R=CH

1

2
= \ 3:
N N N AN

Figure 4.1. General synthetlc scheme to prepare the complexes of the [Fe((6-Me-py)3-x-
(py)xtren)](PFs)2 series.
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the mechanism of SCO, as such it was the subject of numerous reports in the 1980s, including
Hendrickson’s.?

However, there was a glaring issue with these works: complexes 2 and 3 contained
significant impurities of the other members of the series as a result of the synthetic route used to
prepare them (Figure 4.1), where stoichiometric amounts of the 6-substituted and unsubstituted
pyridinecarboxaldehydes were used in the imine condensation with tris(2-aminoethyl)amine
(tren). Although the elemental analyses of complexes 2 and 3 indicated that the complexes were
pure, the difference between the calculated mass percentages of carbon, hydrogen, and nitrogen
for all four members of the series are actually within the experimental error of the measurement.
However, high-resolution mass spectrometry collected by Lindsey Jamula® on complexes 2 and 3
prepared in this manner clearly show the presence of other members of the series. This fact casts
doubt onto Hendrickson’s results, as all of the data collected on what was assumed to be complex
3 is actually a convolution of three different complexes, all with distinct thermodynamic and
electronic parameters. As the [Fe((6-Me-py)sx(py)xtren)]** series contains two closely related
SCO complexes, it would be an ideal platform to apply the semi-classical and quantum-mechanical
analyses outlined in this chapter’s introduction, as they would provide two new data points with
unambiguous values of AG®. Therefore, a path towards obtaining pure SCO complexes 2 and 3
was pursued.

4.2. Experimental section

4.2.1. Synthesis

General synthesis. Unless otherwise noted, all reactions were conducted either using standard
Schlenk techniques or in an inert atmosphere glove box (nitrogen-filled, Vacuum Atmospheres).

Tris-2(aminoethyl)amine was purchased from Alfa Aesar and vacuum distilled from potassium
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hydroxide and activated carbon (Norbit pellets, Sigma Aldrich) twice, or until colorless, prior to
use. 4 A molecular sieves (Acros Organics) were activated by flame drying and cooling the sieves
under vacuum three times before storing under nitrogen. Tris(2-tris(2-pyridin-2-
ylmethylene)amino)ethyl)amine iron(II) hexafluorophosphate ([Fe(trenpys)](PFe)2),*  tri-tert-
butyl (nitrilotris(ethane-2,1-diyl))tricarbamate (trenBocs)® and o-iodoxybenzoic acid (IBX)® were
prepared according to the literature procedures. MeOH, DCM, MeCN, THF, Et;O were bubble
degassed with nitrogen, dried over activated neutral alumina, and pumped into an inert atmosphere
glovebox. Anhydrous DMF and acetone were purchased from Acros Organics. NH4OH refers to
aqueous 30% ammonium hydroxide from Jade Scientific. All other reagents and solvents were
purchased from either Sigma Aldrich, Acros Organics, or Oakwood Chemical Company and used
as received. Silica gel was purchased either from Silicycle (Silica Flash 60 A porosity, 40-
63um/230-400 mesh) or Sorbtec (Premium Rf 60 A porosity, 40-75 um/200-400 mesh). A
ninhydrin TLC developing stain was prepared by dissolving 1 g of ninhydrin in 50 mL of ethanol.
To develop TLC plates, the spotted TLC plates were dipped into the ninhydrin stain and heated to
80°C. '"H NMR were collected on an Agilent DDR2 500 MHz spectrometer and referenced to
residual solvent shifts. Electrospray ionization mass spectra were obtained at the Michigan State
University Mass Spectrometry and Metabolomics Core on a Waters G2-XS QToF mass
spectrometer interfaced to a Waters Aquity UPLC. Elemental analyses were obtained through the
analytical facilities at Michigan State University on samples that had been ground in a vial with a
glass stir rod in an inert atmosphere glovebox and stored under vacuum overnight prior to analysis.
tris(2-tris(2-pyridin-2-ylmethylene)amino)ethyl)amine (trenpys). Tren (500 mg, 3.4 mmol)
was dissolved in MeCN (5 mL) and activated 4 A molecular sieves were added. 2-

pyridinecarboxaldehyde (1.1 g, 10.3 mmol) was dissolved in MeCN (3 mL) and added dropwise.
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The beige suspension was stirred overnight, filtered through Celite, and the solvent was removed.
The yellow oil was triturated with Et;O  three times to remove any excess 2-
pyridinecarboxaldehyde, yielding the pure product as an orange oil (705 mg, 50% yield). All
characterization data matched those in the literature.’
tris[N-(2-pyridylmethyl)-2-aminoethyl]amine (TPAA). Prepared according to Deroche et al,
with minor modifications. Trenpys (705 mg, 1.7 mmol) was dissolved in MeOH (10 mL), and 10%
palladium on carbon (84 mg) was added under nitrogen. A negative pressure was pulled on the
flask, and a hydrogen-filled balloon was added. The black suspension stirred for 12 h, filtered
through Celite, and the solvent was removed, yielding 582 mg (83% yield) of the product as a
yellow oil. All characterization data matched those in the literature.®
tris(2-tris(2-pyridin-2-ylmethylene)amino)ethyl)amine iron(Il) hexafluorophosphate
[Fe(trenpys)](PFs):2 prepared from oxidation/reduction of [Fe(TPAA)]3*. TPAA (582 mg, 1.4
mmol) was dissolved in anhydrous DMF (10 mL). Anhydrous FeCls (225 mg, 1.4 mmol) was
added to the ligand, prompting a color change from yellow to deep green. After stirring for 3 h,
the solution was pumped/purged with N> five times, then cannula transferred into a flask charged
with IBX (1.29 g, 4.6 mmol). After stirring under N> for 3 h at room temperature, the suspension
had turned to a deep purple color. The suspension was filtered, and Nal (210 mg, 1.4 mmol) was
added to filtrate, which was allowed to stir for 1 hunder N>. NH4PFs (2.3 g, 14 mmol) was added,
and the dark purple solution was stirred for 1 h. Et;O was added until cloudy, then the purple
precipitate was collected by filtration. The solid was dissolved in a minimum amount of acetone,
crashed out with Et;O, and collected again by filtration. 'H NMR of this dark purple solid matched

that of the independently prepared [Fe(trenpys)](PFe)2, with no paramagnetic impurities observed.
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tert-butyl (2-(bis(2-aminoethyl)amino)ethyl)carbamate (trenBoc). Prepared from the literature
procedures’!! with several modifications. A solution of tren (730 mg, 5 mmol) in DCM (75 mL)
was cooled in a dry ice/acetone bath under nitrogen. Di-tert-butyl-dicarbonate (220 mg, 1 mmol)
in DCM (25 mL) was added dropwise over 1 h at -78 °C. The reaction was allowed to warm to
room temperature and stir overnight. Once the solvent was removed, a solution of the crude
product was prepared with 10:4:1 CHCl;/MeOH/NH4OH (18 mg of crude product/mL of eluent),
and this solution was filtered through a plug of silica (Sigma Aldrich) until no product was detected
in the eluent by TLC developed with ninhydrin. The solvent was removed from the filtrate, and
again enough of the 10:4:1 CHCl3/MeOH/NH4OH eluent was added to reach a concentration of
18 mg/mL, and from this solution the product was obtained via purification by column
chromatography with silica gel (Sorbtech) and10:4:1 CHCI3/MeOH/NH4OH eluent (383 mg, 50%
yield). '"H NMR (500 MHz, CD;0D) 3.12 (t, J = 6.2 Hz, 2 H), 2.70 (t, ] = 5.8 Hz, 4 H), 2.53 (m, 6
H), 1.44 (s, 9 H); 13C NMR (CDs;OD): 157.41, 78.72, 55.44, 54.33, 38.48, 38.23, 37.29. HRMS
(ESI-TOF) m/z: [M + H]J" caled for C11H26N4O2 247.2134; Found 247.2147.

tert-butyl (2-(bis(2-((pyridin-2-ylmethyl)amino)ethyl)amino)ethyl)carbamate (trenpy:Boc).
trenBoc (383 mg, 1.56 mmol) was dissolved in MeCN (10 mL) and added to activated 4 A
molecular sieves, to which 2-pyridinecarboxaldehyde (334 mg, 3.12 mmol) was added dropwise.
The pink suspension was stirred overnight at room temperature, filtered through Celite, and the
solvent was removed to yield an orange oil (594 mg, 1.39 mmol, 89% yield) that was used without
purification for the next step. '"H NMR (500 MHz, CDCl3) 8.62 (d, J = 4.8 Hz, 2 H), 8.36 (s, 2 H),
7.94 (d,J=79Hz 2 H), 7.70 (t, ] =7.6 Hz, 2 H), 7.29 (m, 2 H), 5.44 (s, 1 H), 3.76 (t, ] = 6.3 Hz,

4 H), 3.20 (m, 2 H), 2.93 (t, J = 6.4 Hz, 4 H), 2.73 (t, ] = 5.3 Hz, 2 H), 1.36 (s, 9 H).
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This oil (unreduced trenpy>Boc) was dissolved in MeOH (10 mL) and 10% Pd/C (78 mg) was
added. A vacuum was pulled on the flask and a hydrogen-filled balloon was added to the flask.
The black suspension was stirred overnight under a hydrogen atmosphere, filtered through celite,
and the solvent was removed to yield a light yellow oil (534 mg, 1.25 mmol, 80% yield over two
steps) that was used without further purification. 'H NMR (500 MHz, CDCls) 8.49 (d, J =4 Hz, 2
H), 7.57 (t, J=9 Hz, 2 H), 7.28 (2 H, partially obscured by solvent signal), 7.11 (m, 2 H), 3.89 (s,
2 H), 3.19 (m, 2 H), 2.72 (t, ] = 5.7 Hz, 2 H), 2.64 (t, ] = 5.5 Hz, 2 H), 2.57 (t, ] = 5.4 Hz, 2 H),
1.38 (s, 9 H). HRMS (ESI-TOF) m/z: [M+H]" calcd for C23H36N6O2 429.2978; found 429.3022.
N!-(2-aminoethyl)-N2-(pyridin-2-ylmethyl)-N!-(2-((pyridin-2-ylmethyl)amino)ethyl)ethane-
1,2-diamine (trenpyz). Trenpy2Boc (534 mg, 1.25 mmol) was dissolved in 3 M HCl in EtOAc
(12.4 mL) and stirred at room temperature for 3 h. The solvent was removed, and the yellow oil
was washed with Et20. 2 M NaOH was added to the yellow oil until the pH reached 12. The solvent
was removed from the yellow suspension, and the gummy solid was suspended in DCM and
filtered. The solvent was removed from the filtrate to yield a yellow oil (315 mg, 0.96 mmol, 77%
yield). '"H NMR (500 MHz, CDCls) 8.49 (d, J = 4.8 Hz, 2 H), 7.59 (t, J = 7.6 Hz, 2 H), 7.28 (2 H,
partially obscured by solvent signal), 7.11 (m, 2 H), 8.87 (s, 4 H), 2.70 (m, 5 H), 2.61 (m, 5 H),
2.47 (t, J = 6 Hz, 2 H). HRMS (ESI-TOF) m/z: [M+H]" calcd for CisH2sNs 329.2454; found
329.2460.

Benzyl-(2-((2-(((benzyloxy)carbonyl)(pyridin-2-ylmethyl)amino)ethyl)(2-((tert-
butoxycarbonyl)amino)ethyl)amino)ethyl)(pyridin-2-ylmethyl)carbamate
(trenpy2Cbz;Boc). Trenpy2Boc (222 mg, 0.52 mmol) was sonicated with NaHCO3 (124 mg, 1.5
mmol) in H>O (2 mL) and then chilled in an ice bath. Benzyl chloroformate (177 mg, 1.04 mmol)

was dissolved in THF (4 mL) and added dropwise. This solution was stirred at 0 °C for 2 h, poured
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into brine, and extracted into EtOAc (3 x 10 mL). The organic fractions were combined and dried
with Na;SOs. The crude product was obtained following removal of the solvent as a light yellow
oil. See 'H NMR in the appendix. HRMS (ESI-TOF) m/z: [M+H]" calcd for desired product
C39H4sN6Os 697.3713 obs 697.3688, [M+H]" calcd for undesired side product (trenpy>CbzzBoc)
[M+H]" C47H54N6Og 831.4081 obs 831.4089.
4.3. Results and Discussion

The first obvious avenue was purification of complexes 2 and 3 following their preparation
outlined in the 1980s literature (Figure 4.1). However, this turned out to be no easy task, as all
attempts using chromatographic separations or recrystallization to isolate each individual complex
of the [Fe((6-Me-py)s«(py)xtren)]*" failed. The imines in the free ligands are highly susceptible
towards hydrolysis, and consequently their chromatographic isolation was also unsuccessful. So,
an alternate route was proposed (Figure 4.2), utilizing protection of a single primary amine of tren,
which would allow for the addition of 6-R-pyridinecarboxaldehyde via an imine condensation.
Subsequent reduction of these imines is essential due to their susceptibility towards hydrolysis
under acidic conditions, which are necessary to cleave the Boc protecting group. Reduction of the

12714 after the primary amine is freed from

imines also eliminates the possibility of transimination
Boc protection, which could scramble the 2-R-pyridyl groups intermolecularly and lose the desired
intramolecular asymmetry. Following this proposed route, once the third primary amine is

unprotected, the opposite 6-R-pyridinecarboxaldehyde can be introduced via a second imine

condensation and subsequent reduction, again to minimize chances of hydrolysis.
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Figure 4.2. Proposed synthetic route to pure complexes 2 and 3. General reagents and
conditions: a) BocoO b) 1) 6-R-2-pyridinecarboxaldedyde 2) reduction c) deprotection of Boc-
amine d) 1) 6-R’-2-pyridinecarboxaldehyde 2) reduction 3) FeCls f) 1) oxidation of amines to
imines 2) reduction of Fe3* to Fe?*,

At this point in the proposed synthetic route, the desired asymmetry has been introduction,
however the secondary amines must be oxidized back to imines. Because of the ease of hydrolysis,

I proposed to bind the reduced form of the asymmetric ligand to Fe(Ill), which should form a stable
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complex,! unlike the corresponding Fe(Il) complex, for which there is a precedence of instability
in the case of [Fe(TPAA)]*" (where TPAA = tris[N-(2-pyridylmethyl)-2-aminoethyl]amine, or the
reduced version of the ligand for complex 1).!¢ Then, oxidation of the imines can occur without
fear of hydrolysis. Once the desired ligand is formed on the Fe(IIl) scaffold, the metal center can
be reduced to yield the pure SCO complex.

Before I started the synthesis proposed in Figure 4.2, I wanted to confirm that the

chemistry-on-the complex approach in step “f” was feasible. First, the oxidant chosen was o-

SN
‘ _— N | P2
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e i N ) .
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M ~’ o

o 405 400 395 290 385 380 375 370 365 360
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o

Figure 4.3. Comparison of the '"H NMR spectra of complex 1 prepared from the amine oxidation
and Fe(III)-reduction of [Fe(TPAA)]*" (top spectrum) and prepared from the route given in
Figure 4.2 (bottom spectrum).

iodoxybenzoic acid (IBX) due to the literature precedence of its ability to oxidize secondary
amines with electron-withdrawing substituents to imines under mild conditions.!” Then, its ability
to oxidize secondary amines bound to a metal center was tested on [Fe(TPAA)]*". Using a 3.3:1
ratio of IBX/[Fe(TPAA)]** followed by reduction of the metal center with sodium iodide resulted
in the formation of complex 1, which was indistinguishable from an independently prepared

sample (Figure 4.3).
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Figure 4.4. Synthesis of trenpy>, an intermediate to complex 2.

Bolstered by these initial results, the synthesis of complex 2 began (Figure 4.4) by isolating
trenBoc from the crude product of the addition of Boc,O (di-tert-butyl dicarbonate) to tren, which
contained the desired product as well as bis- and tris-protected tren.”!! Next, while the literature
suggests a large array of reaction conditions for similar imine condensations and subsequent
reductions,®!> the synthesis of trenpy,Boc was highest yielding and purest when the imine
condensation of trenBoc with 2-pyridinecarboxaldehyde (2-pycarb) was carried out in dry MeCN
and 4 A molecular sieves, followed by reduction with H, with Pd/C. Several different Boc-
deprotection conditions have been suggested, from thermolytic cleavage to the addition of strong
acids, however the reasoning behind the chosen deprotection routes is generally undiscussed.'® As
such, many different deprotection conditions were tested on the triply protected tren, trenBocs,’
and only 3 M HCl in EtOAc! cleanly removed the Boc carbamate to yield completely unprotected

tren, indicating that trenpy2 could also be synthesized from this deprotection route.
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Figure 4.5. '"H NMR of (a) 6-methyl-2-pyridinecarboxaldehyde (6-Me-2-pycarb) (b) tris[N-(2-
pyridylmethyl)-2-aminoethyl]amine (TPAA) and c) 6-Me-pycarb + TPAA, all in CDCIl; at room
temperature.

Indeed, trenpy, was successfully isolated. Regrettably, the next step, condensation with 6-
methyl-2-pyridinecarboxaldehyde (6-Me-pycarb) did not go as planned. Instead of simply adding
the substituted pyridine to the primary amine, several inseparable side products were formed. To
probe what is happening in this reaction, a test was performed: 6-Me-2pycarb was added to TPAA
in an NMR tube, and then the '"H NMR spectrum was immediately collected (Figure 4.5). As can
be seen in Figure 4.5, a reaction is occurring despite the absence of a primary amine. The secondary
amines are reacting with the aldehyde, which has been shown to occur rapidly in solution,!?
meaning that step “d” in Figure 4.2 is not a viable step towards synthesizing pure complexes 2 and

3.

119



HN N
Cbz~
Z >N ~ "N
| I
NS R Jw R
= Cbz = Cbz = _
<R N I O O LN
N N
Cbz” Cbz~
B\ Z >N
| [
NS R J R
= =
| o 0
NS NS
R™N i i NTOR
HN
~ "N
|
R

Figure 4.6. Proposed addendum to route in Figure 4.2, where carboxybenzyl (Cbz) carbamates
are introduction (step 1) prior to acidic Boc deprotection (step ii), imine formation with 6-R’-2-
pyridinecarboxaldehyde and subsequent reduction with NaBH4 (step iii). Step iv will be Cbz
deprotection with H; and Pd/C.

One way to get around this issue of secondary amine reactivity is to protect them with a
group stable to the acidic conditions used to remove the Boc protecting group. An obvious choice
is Cbz (carboxybenzyl) group, which is cleaved under reductive conditions. And so, the proposed
route to was amended prior to Boc deprotection to include Cbz protection of the secondary amines
(Figure 4.6). However, when introduction of the Cbz groups was attempted on trenpy2Boc, HRMS

showed that not only was the desired product formed, but also the compound shown in Figure 4.7,
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Figure 4.7. Over-protected trenpy2Boc, where the Boc-protected nitrogen has also formed a
carbamate with Cbz.

where the Boc carbamate also reacts with CbzCl. All attempts to separate these compounds were
unsuccessful. In the hope that future products would be purifiable, Boc deprotection was
performed under the same conditions for the Cbz-free ligand, however the product was afflicted
by the same issue.

Different conditions to install the Cbz group, i.e. shorter reaction times, lower
temperatures, or a different Cbz starting material, could be investigated in the hope that the
unfavorable double protection of the Boc carbamate be avoided, however a route with fewer steps

12-14

and separation problems would be ideal. Unfortunately, the general reactions outlined in

Figure 4.8 plague most conceivable routes towards the preparation of the ligands of complexes 2

2 2
R1&N/R + HZO —_ = R1/§O + HZN,R
R .R3 R N
R' N HoN = R! 'N 2
2 4 ., ..R?
RSN g SR —— SR RN
R2 R1
O INT e YRR N _ 1 2 + H0
R N R R° ~O = RVNYNVR 2
RS

Figure 4.8. General summary of equilibrium reactions that are possible between imines, primary
and secondary amines, aldehydes, and water. All result in scrambling of R groups or the
formation of side products undesirable for the isolation of pure SCO complexes 2 and 3. Made
with data presented in references 12-14.

121



and 3 and make their synthesis much more complicated than first envisioned. Therefore, due to
the indubitably formidable synthetic route that would have to proposed and embarked upon to
isolate pure complexes 2 and 3, we decided to abandon these SCO complexes.
4.4. Conclusion

At first glance, the [Fe((6-Me-py)s«(py)«tren)]** series presents an appealing group of
Fe(IT) polypyridyl complexes for the determination of the nuclear coordinate associated with
excited-state evolution for hexadentate Fe(Il) chromophores. However, due to the reactivity and
instability of imines, the synthetic effort required to cleanly isolate the two spin-crossover Fe(Il)
complexes has proven to be an insurmountable barrier for the in-depth characterization required
for the desired analysis. The most promising route towards the isolation of SCO complexes 2 and
3 may simply be the chromatographic separation of the crude reaction mixture containining
complexes 1-4 prepared by the original synthetic route used in the previous reports of their

characterization.

122



APPENDIX

123



( (]
| |
[ [T ‘\ “
i
) )/ J ) ) )
)
& T3 Y T
9.0 815 810 7.‘5 7.0 6.5 6.0 5‘.5 510 4‘.5 4.‘0 35 3.0 2.‘5 2.‘0 1.‘5
1 (ppm)
. 1 .
Figure 4.9. H NMR of TPAA in CDCI,.
—
[ \‘
[ /r \
p
/ g J
A -
- S — —
8272626242322 212019 18 17 1.6 15 14 13 12 11 1.0

L B L S o s S B S B L
50494847464544434241403938373635343332 3f‘? (3.0 2).9 2
ppm,

Figure 4.10. '"H NMR of trenBoc in CD,OD.

124



vL182L
mF.NwNFV
€6°LIEL—T
QQ.MNM_\*
wQ.Nwmw

€9T8LE~
95'16L8~"

BLEVTY~_
[vizied

)/

i

il

—qu 8

ol
Foce
=174

Fesu

F=461e

Fesu

=¢€.0

Wmmf

WOO.N

4.5

5.0

55

Figure 4.11. 'H NMR of trenpy,Boc in CDCl,.

T T
6.5 6.0

7.0

T
75

8.0

85

1 (ppm)

A

207
Foov

Fooz

Feov

Foot

Fooz

Fsoz
561l
Foz
Froz

9.5 9.0 85 8.0 75 7.0 65 6.0 55 5.0 45 40 35 3.0 2.5 2.0 15 1.0
1 (ppm)

10.0

Figure 4.12. "H NMR of unreduced trenpy,Boc in CDCl,.

125



T T e
8 8 853 8§88
=3 N S| < <o
: T T T T T T T T T : T T T
85 8.0 75 7.0 6.5 6.0 5.5 5. 45 4.0 35 3.0 25 2.0 15 1.0
1 (ppm)
. 1 .
Figure 4.13. ' H NMR of trenpy, in CDCI,.
SLA3066_H2 04-Apr-201712:11:29
XS2_04042018_SLA3066_H2 (0.045) Is (1.00,0.01) C23H36N602 1: TOF MS ES+
429.2978 7.57e12
100+
LI
430.3007
431.3034
432.3060 433.3086
0 T T T T T T T T m/z
427 428 429 430 431 432 433 434
XS2_04042018_SLA3066_H2 23 (0.274) Cm (1:88) 1: TOF MS ES+
429.3022 1.17e9
100+
= 430.3007
427.2827
431.3026
428.2841 4295748
0 : 427.5587 : | 428.7827‘ | : 430.5801 431.7640‘ 432.3040 432.86?9433.2906 433.7759‘ 434.288% /2
427 428 429 430 431 432 433 434

Figure 4.14. ESI-MS of trenpy,Boc. Top: predicted isotope pattern for C,;H;N,O,. Bottom:

experimental result.
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Figure 4.15. ESI-MS of trenpy,. Top: calculated isotope pattern for [M+H]" (C,sH ¢ Ny). Bottom:

experimental result.

P

S N P W

T T T T T T T T
35 3.0 25 20 15 1.0 0.5 0.0

T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40
1 (ppm)
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Figure 4.17. ESI-MS of crude trenpy,Cbz,Boc. Top: calculated isotope pattern for the desired
product [M+H]Jr (C30H4NOy). Bottom: experimental result.
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CHAPTER 5. ALTERING THE NUCLEAR COORDINATE OF MLCT
DEACTIVATION WITH CRYPTAND LIGANDS

The overarching goal of this dissertation is to identify and subsequently disrupt, through
synthetic modification, the nuclear coordinate defining the MLCT — T, decay in low-spin iron(1I)
polypyridyl complexes to prolong the lifetime of the MLCT excited state. In the previous chapters
of this dissertation, I have attempted to unequivocally identify the kinetically relevant vibrational
modes associated with excited-state evolution in this class of chromophores. In addition, results
obtained by other groups using a slew of time-resolved ultrafast x-ray spectroscopy and
computational techniques have given us, at the very least, a general idea of which modes may be
fruitful to target synthetically. Therefore, in this chapter, I will first provide an overview of the
geometric changes that have been hypothesized to be relevant during excited-state evolution, and
then describe in detail a ligand scaffold that I have chosen to exploit to achieve disruption of the
excited-state nuclear coordinate in this class of chromophores.

First, there has been a long-standing belief that MLCT deactivation occurs along a nuclear
coordinate that can be best described as a symmetric Fe-N breathing mode. This assumption is
based on the fact that Fe-N bond lengths change significantly during excited-state evolution. In
the SMLCT excited state, the electron configuration can be approximated as (t2¢)°(e¢)’(n")! and

there is no significant population of antibonding €," orbitals. Upon decay into the °T> ligand field

Vil Some of the results and discussion of this chapter are also presented in the article: Paulus, B. C.}; Adelman, S.
L.}; Jamula. L. L; McCusker, I. K. Nature, 2020, Accepted.

viit The work in the chapter is a continuation of research started by Dr. Lindsey L. Jamula and done in collaboration

with Bryan C. Paulus. All of the ultrafast transient absorption measurements and DFT calculations discussed in this
chapter were performed by Bryan.
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(LF) excited state, which may be formalized by a (t20)*(ee)*(n")° electron configuration, the
antibonding Fe-N orbitals become doubly occupied. This shift of electron density into e,
antibonding orbitals decreases the amount of metal-ligand orbital overlap and consequently
elongates the Fe-N bonds. A similar, if not more exaggerated, bond extension occurs during the
'A; — 5T, conversion due to the same increase in population of e, orbitals."? This Fe-N bond
elongation in the °T» excited state compared to the !A; has been experimentally quantified in
several different LS and SCO Fe(II) compounds and is typically on the order of 10% change in
Fe-N bond distances.?® For example, in [Fe(bpy)s3]** (bpy = 2,2’-bipyridine) in aqueous solution,
the average extension of Fe-N bond distances was found to be 0.19 + 0.03 A by picosecond x-ray
absorption spectroscopy.' These observations have encouraged the adoption of the Fe-N breathing
mode as the presumed kinetically-relevant mode for excited-state evolution. In addition, it has
been common to draw conclusions about the MLCT — LF conversion from the results of studies
on ground-state recovery (GSR, i.e. the °T> — 'A; process) in LS Fe(II) polypyridyl complexes
because of the predicted similarity in geometries of the low-spin (LS) ground state and *MLCT
excited state as well as the spin-forbidden nature (AS = 2) for both processes. The validity of this
assumption is not clear at this time.

This paradigm of a symmetric Fe-N breathing motion driving MLCT deactivation has not
been completely stalwart. In 1979, Purcell showed that torsional modes must be invoked in an
angular overlap model interpretation of the rapid racemization of [Fe(phen)3]**.” Ever since, there
has been a growing body of work that suggests a one-dimensional Fe-N breathing mode picture
for excited-state evolution in Fe(IT) polypyridyls may be incomplete. Hendrickson and coworkers®
used variable-temperature transient absorption (VT-TA) spectroscopy to determine the Arrhenius

parameters associated with GSR in a series of LS Fe(II) complexes with ligands imposing varying
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degrees of hinderance towards torsional motion. They reported a correlation between a complex’s
Arrhenius parameters and the relative flexibility about a twisting axis, suggesting the potential
kinetic relevance of twisting motions in GSR. Collet and coworkers® have used optical pump, x-
ray probe spectroscopy on an Fe(Il) SCO complex, Fe(phen)(SCN),, to observe vibrational
coherences active during the GSR process of this complex. These studies indicated that upon
population of the e, orbitals in the 3T, excited state, the complex’s Fe-N bonds impulsively
elongated and then Fe-N torsional and bending modes dissipated excess vibrational energy. This
study concluded that Fe-N breathing alone is not sufficient to describe GSR.

Computational work has been done on [Fe(bpy)s]** to show that the MLCT — T nuclear
coordinate may be multidimensional. Jakubikova and coworkers!® showed that in this complex,
both Fe-N breathing and torsional modes (classic and dancing Bailar, Ray-Dutt twists) are
energetically feasible pathways for intersystem crossing from the *MLCT — 3T>. This is especially
true if a 3T intermediate state is invoked, and proof for such an intermediate in [Fe(bpy)s]** has
been provided experimentally.!'! In addition to the work focusing on bidentate ligands, there is a
significant body of work investigating the nuclear coordinate for excited-state evolution in
[Fe(terpy):]** (terpy = 2,2°:6°,2”-terpyridine), where the tridentate ligand forces the ground-state
geometry to adopt a much more strained coordination environment than observed in [Fe(bpy)s]**.
In 2015, a series of reports investigating [Fe(terpy).]** with time-resolved x-ray techniques,>%!2
DFT calculations,® and continuous shape measures'? showed that in order to accurately represent
the nuclear coordinate of GSR in this complex, torsional modes must be included, specifically
axial bending.

Finally, in Chapter 3 of this dissertation, it was shown that low-frequency (<100 cm™')

modes compose the nuclear coordinate of the T, — 'A; transition in an Fe(II) SCO complex, and
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the SMLCT — 'A, transition for its Ru(II) analog can be defined by a ~1320 cm™! mode. Physically,
these frequencies correspond to Fe-N bond deformations (breathing and torsional motions) and
aromatic C=C stretching, respectively. These two segments of the nuclear coordinate must
intersect during the MLCT — LF deactivation, signifying that targeting these geometric changes
could have an impact on excited-state evolution. From this overview, it is clear that a large body
of work has attempted to identify kinetically relevant modes for the MLCT — °T, intersystem
crossing (ISC). While we have made strides to experimentally identify these modes and rationalize
the results theoretically, one thing is abundantly clear: large geometric distortions occur during the
electronic transition in question. Therefore, we set out to do something that may seem quite simple:
can we disrupt all geometric distortions that may occur during excited-state evolution? To do this,
we need the right ligand.

A ligand first made by Lehn and coworkers'* (Figure 5.1) seemed a promising candidate
to achieve this goal. This cage ligand (L) retains a #ris-2,2’-bipyridine coordination environment,
ideal to compare to the very well characterized [Fe(bpy)s]**. But, the three bpy units are tethered
together on two ends by tren-based imine caps (tren = tris(2-aminoethyl)amine), which could
introduce enough of a gross restriction on both Fe-N bond elongation and torsion that some degree

of nuclear coordinate disruption could be achieved during the excited-state evolution, specifically

7 N\ N\

Figure 5.1. Drawing of cage ligand that will be discussed in this chapter and referred as “L.”
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the MLCT — °T> conversion. In the forthcoming discussion, I will describe the synthesis of several
coordination compounds with this ligand and their spectroscopic characterization, including
evidence that we have achieved our goal of prolonging the MLCT excited-state lifetime in an
iron(II) polypyridyl complex through disruption of the nuclear coordination defining excited-state
evolution.

5.2. Experimental

5.2.1. Synthesis

General. All chemicals were purchased from Sigma Aldrich, Acros Organics, Alfa Aesar, or
Oakwood Chemical Company and used as received unless otherwise noted. 5,5’-dimethylhydroxy-
2,2°-bipyridine,’> [Cu(MeCN)s](BAr"),'® and [Fe(MeCN)s](BAr!),!7 were synthesized from the
literature procedures. NaBAr was provided by Dr. Kelly Aldrich. All manipulations were carried
out in a nitrogen- or argon-filled glovebox (Vacuum Atmospheres) unless otherwise noted. MeCN,
DCM, and diethyl ether were dried over activated neutral alumina under nitrogen. Tris(2-
aminoethyl)amine (tren) was distilled over KOH and activated carbon twice prior to use. 'H NMR
were collected on an Agilent 500 MHz spectrometer at the Max T. Rogers NMR facility at
Michigan State University in CDCl3;, DMSO-ds or MeCN-d;. CDCIl3 and MeCN-d3 which were
dried over 4 A molecular sieves and deoxygenated with five cycles of freeze-pump-thawing. All
signals are reported in ppm and referenced to the solvent residual signals. The data are reported as
(s = singlet d = doublet t = triplet m = multiplet, coupling constant(s) in Hz, integration). 3*C NMR
spectra were collected on an Agilent 125 MHz spectrometer at the same facility and referenced to
the solvent residual signals. Electrospray ionization (ESI) high-resolution mass spectrometry
(HRMS) was collected on at the Michigan State University Mass Spectrometry and Metabolomics

Core using a Waters G2-XS QTof mass spectrometer interfaced to a Waters Aquity UPLC.
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Elemental analysis was performed at Michigan State University by Rui Huang on samples that had
been recrystallized a minimum of two times, dried in a vacuum desiccator, pumped into an inert
atmosphere glovebox and ground in a glass vial, then stored in one of the antechambers under
vacuum overnight. Immediately prior to collection of combustion analysis, the samples were again
placed under an inert atmosphere and sealed within a larger glass vial, and wrapped with parafilm
to transfer from the glovebox to the elemental analysis facilities. This method greatly reduced the
incidence of the observation of hydrates.

5,5’-diformyl-2,2’-bipyridine (dfb). The title compound was prepared via a modified procedure
outlined for substituted terpyridine synthesis.!® To a 250 mL 2-necked flask under N», dry DCM
(150 mL) was added and cooled to -78 °C. Freshly distilled oxalyl chloride (3.27 mL, 38 mmol)
was added. Freshly distilled DMSO (4.9 mL, 70 mmol) was added dropwise over 20 min. 5,5’-
dimethylhydroxy-2,2’-bipyridine (3.27 g, 15 mmol), dissolved in 50 mL DCM and 50 mL DMSO
was added dropwise over 30 min. The resulting white suspension was stirred at -78°C for 3 h. The
reaction was warmed to -30 °C and TEA (100 mL) was added dropwise. The reaction was warmed
to RT and H>O (100 mL) was added. The organic layer was separated and the aqueous layer was
extracted 3 X 100 mL into DCM. The combined organic layers were washed with brine, then dried
with MgSOs. The solvent was removed to yield 2.32 g of a yellow powder (73% yield). 'H NMR
(500 MHz, DMSO-ds) 10.20 (s, 1H), 9.25 (d, J =2.03 Hz, 1H), 8.68 (d, J = 8.16 Hz, 1H), 8.45
(dd, J; = 8.26 Hz, J, = 2.12 Hz, 1H). 3C NMR (125 MHz, DMSO-d¢) 192.54, 152.00, 138.02,
132.14, 122.37, 109.91.

Cage ligand (L). To a stirred solution of tren (0.71 g, 0.48 mmol) in MeCN (5 mL) was added dfb

(0.15 g, 0.705 mmol) dropwise as a suspension in MeCN (10 mL). The resulting orange slurry was
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stirred for 12 h at RT, filtered and washed with Et,O, yielding 0.15 g of an orange powder (75%
yield). All spectroscopic characterization of the product matches that in the literature.!*

Reduced cage ligand (LH). L (0.082 g, 0.1 mmol) was suspended in dry 2:3 MeOH/DCM (20
mL) and cooled under N in an ice bath. NaBH4 (0.076 g, 2 mmol) was slowly added under positive
pressure. The suspension was stirred at room temperature for 24 h. 1 M NaOH (15 mL) was added
to the yellow suspension, and the organic layer was separated. The aqueous layer was extracted
with CHCl; (3 x 15 mL). All organic layers were combined, washed with saturated Na,COs3, and
dried over K»COs. The solvent was removed, yielding 0.073 g of a white powder (88% yield). It
should be noted that the results of this synthesis were highly variable and often would result in an
impure product that could be purified on a silica gel column with 80:20:4 DCM/MeOH/NH4sOH
in very poor yield. 'H NMR (500 MHz, CDCls) 8.37 (d, J = 2.13 Hz, 1H), 7.78 (d, J = 8.08 Hz,
1H), 7.31 (dd, J1 =8.12, ], =2.15, 1 H), 2.93 (t, J1 = 10.45, J> = 5.03, 2 H), 2.71 (t, J1 = 10.49, J»
=5.5,2 H).

[Fe(dfb)s](PFe)2. To a stirred suspension of dfb (0.113 g, 0.53 mmol) in MeCN (5 mL),
FeCl>-2H>0 (0.026 g, 0.16 mmol) in MeCN (5 mL) was added dropwise. The green solution was
stirred under nitrogen at 30°C for 12 h, during which time the solution lightened to a murky yellow.
Upon cooling to room temperature, NH4PFs (0.26 g, 16 mmol) in MeCN (5 mL) was added to the
green solution, instantly turning the solution deep blue. After stirring at RT for 3 h, the solvent
was reduced and Et2O was added until cloudy. The blue precipitate was collected by filtration and
washed with Et,O. X-ray quality single crystals were grown from vapor diffusion of Et;O into
MeCN solutions of [Fe(dfb)(PFs).. '"H NMR (500 MHz, CD3CN) 9.86 (s, 1H), 8.82 (d, J = 8.32

Hz, 1H), 8.59 (d, 8.91 Hz, 1H), 7.81 (s, 1H). *C NMR (125 MHz, CDsCN) 188.96, 161.28, 156.92,
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137.85, 133.31, 126.00. HRMS (ESI-TOF) m/z: [M-2(PFs)]*" calc’d for [C3sH24NsOsFe]**
346.0554 obs. 346.0586.

[Fe(L)](PFs)2. To a stirred suspension of L (0.15 g, 0.18 mmol) in MeCN (5 mL) was added
FeCl>-2H>0 (0.03 g, 0.18 mmol) in MeCN (5 mL) dropwise over 5 min. The dark purple solution
was stirred overnight and NH4PFs (0.30 g, 1.8 mmol) in MeCN (5 mL) was added to the blue
suspension, rapidly leading to a dark purple solution. After stirring at RT for 3 h, the solution was
filtered through Celite. The solvent was removed in vacuo, dissolved in the minimal amount of
MeCN, and Et2O was added until the solution turned cloudy. The resulting purple precipitate was
filtered and washed with Et,O. X-ray quality single crystals were grown from vapor diffusion of
Et2O into MeCN solutions of [Fe(L)(PFe)2. 'H NMR (500 MHz, CD3CN) 8.89 (d, J = 8.53 Hz,
1H), 8.61 (s, 1H), 8.35 (s, IH), 8.18 (d, J = 8.03 Hz), 4.03 (m, 1H), 3.67 (m, 1H), 3.57 (m, 2H).
3C NMR (125 MHz, CDs;CN) 163.06, 159.35, 153.17, 140.14, 137.76, 126.06, 55.16, 53.79.
HRMS (ESI-TOF) m/z: [M-2(PFs)]*" calc’d for [CasHasN1sFe]?" 438.1768 obs. 438.1780.
[CuzFe(L)](PFe)s. To a stirred suspension of L (0.15 g, 0.18 mmol) in MeCN (5 mL) was added
[Cu(MeCN)4]PFs (0.15 g, 0.4 mmol) in MeCN (5 mL) dropwise over 5 min. The resulting green
suspension was stirred for 3 h at RT. Then, FeCl,-2H>0O (0.03 g, 0.18 mmol) in MeCN (5 mL) was
added dropwise over 5 min. The dark maroon solution was stirred overnight, then filtered through
a pad of Celite. After removing the solvent from the filtrate in vacuo, NH4PFs (0.30 g, 1.8 mmol)
in MeCN (5 mL) was added, then EtoO was added until the solution turned cloudy. The resulting
maroon precipitate was filtered and washed with Et,O. X-ray quality single crystals were grown
from vapor diffusion of Et;O into MeCN solutions of [CuxFe(L)](PF¢)s. 'H NMR (500 MHz,
CDs:CN) 8.68 (s, 1H), 8.57 (d, J = 8.17 Hz, 1H), 8.26 (s, 1H), 8.24 (d, ] =8.06 Hz, 1H), 3.77 (t, J

=13.17 Hz, 1H), 3.69 (dd, J1 = 13.65 Hz, J» =3.46 Hz), 3.14 (dd, J1 = 13.71 Hz, Jo =3.66 Hz, 1H),
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3.05 (m, 1H). '3C NMR (125 MHz, CD3;CN), d 161.84, 161.40, 152.67, 139.69, 136.72, 125.35,
61.93, 52.50 HRMS (ESI-TOF) m/z: [M-4(PFs)]*" calc’d for [CasHagN14CurFe]* 251.0531 obs.
found 251.0578; Elemental analysis (% calc’d, % found for CssHagNisCuoFeP2Fi2): C (36.40,
36.40) H (3.06, 3.15) N (12.38, 12.27).

[FeCua(L)](BArf)4. To a stirred solution of L (38 mg, 0.05 mmol) in THF (5 mL) was added
[Cu(MeCN)](BArY) (96 mg, 0.09 mmol) in THF (2 mL). The resulting green solution was stirred
for 12 h at RT. [Fe(MeCN)s](BArF) (85 mg, 0.04 mmol) in THF (2 mL) was added dropwise over
5 min. The dark maroon solution was stirred for 12 h and filtered through Celite. The solvent was
removed from the filtrate yielding a maroon film (60% yield). '"H NMR (500 MHz, CD3CN) 8.67
(d,J=1.6, 1H), 8.56 (d, J =8.19, 1 H), 8.24 (s, 1H), 8.22 (d, J = 1.7, 1H), 7.68 (m, 4 H), 3.70 (m,
2H), 3.09 (m, 2H); 3*C NMR (125 MHz, CD3CN) 161.73, 161.13, 152.57, 139.67, 136.71, 129.19-
130.39 (m), 128.62, 126.46, 125.19, 124.30, 122.13, 61.84, 52.42; HRMS (ESI-TOF) m/z: [M-
2(BArF)]?* cale’d for [C112H72N14CuzFeBoFag]* 1365.1732 obs. 1365.1721; [M-(BAr")]** calc’d
for [CsoHeoN1aCuFeBFa4]*"  622.4265 obs. 622.4298; [M-4(BArf)]* calc’d for
[CagHasN14CusFe]** 251.0531 obs. 251.0578.

[Cu2Zn(L)](PFe)s. To a stirred suspension of L (0.15 g, 0.18 mmol) in MeCN (5 mL) was added
[Cu(MeCN)4]PFs (0.15 g, 0.4 mmol) in MeCN (5 mL) dropwise over 5 min. The resulting green
suspension was stirred for 3 h at RT. Then, ZnCl, (0.025 g, 0.18 mmol) in MeCN (5 mL) was
added dropwise over 5 min. The yellow solution was stirred overnight, then filtered through a pad
of Celite. After removing the solvent from the filtrate in vacuo, NH4PFs (0.30 g, 1.8 mmol) in
MeCN (5 mL) was added, Et2O was added until the yellow solution turned cloudy. The resulting
orange precipitate was filtered and washed with Et,O. X-ray quality single crystals were grown

from vapor diffusion of Et:O into MeCN solutions of [CuZn(L)](PFs)s. 'H NMR (500 MHz,

140



CD;CN) 9.03 (d, J =1.62 Hz, 1H), 8.75 (s, 1H), 8.65 (d, J = 8.26 Hz, 1H), 8.45 (dd, J1 = 8.25 Hz,
Jo = 1.99 Hz, 1H), 3.89 (m, 1H), 3.75 (m, 1H), 3.16 (m, 2H). 3*C NMR (125 MHz, CD3;CN),
161.68, 151.22, 146.66, 143.52, 134.84, 125.25, 62.44, 52.33. HRMS (ESI-TOF) m/z: [M-
4(PF4)]*" calc;d for [CagHasN14CuaZn]** 253.0514 obs. 253.0527.

[Ag1sFe(L)](PFe)x. In the dark, to a stirred suspension of L (0.05 g, 0.06 mmol) in a foil-wrapped
flask, AgPFs (0.03 g, 0.13 mmol) in MeCN (2 mL) was added dropwise. After stirring for 5 min
at RT, Fe(BF4)2:2H>0 (0.02 g, 0.06 mmol) in MeCN (2 mL) was added dropwise. The reaction
stirred overnight at RT in the dark, then filtered through a pad of Celite. The solvent was reduced
in vacuo, and NH4PFs (0.10 g, 0.6 mmol) in MeCN (2 mL) was added. Et2O was added until the
solution turned cloudy. The resulting dark purple precipitate was filtered and washed with Et,0O.
X-ray quality single crystals were grown from vapor diffusion of Et,0O into MeCN solutions of the
crude product. The obtained product clearly contained [Fe(L)]** and other byproducts by "H NMR.
[Fe(LH)](PF¢)2. To a suspension of the LH (0.02 g, 0.02 mmol) in MeCN (2 mL) was added
FeCl2-2H>0 (0.003 g, 0.02 mmol) in MeCN (1 mL). The suspension instantly turned into a bright
cherry red solution. After stirring at RT overnight, NH4PF¢ (0.03 g, 0.2 mmol) in MeCN (2 mL)
was added. The solvent was reduced in vacuo to ~1 mL, and Et2O was added until cloudy. The red
precipitate was collected via filtration and washed with Et;O. X-ray quality crystals were grown
from Et;O diffusion into dilute solutions of the product in MeCN. The product was sparingly
soluble in most solvents, resulting in a poorly resolved NMR spectrum, as such no coupling
constants are reported. '"H NMR (500 MHz, CD3CN) 8.37 (d, 1 H), 7.98 (m, 1 H), 7.24 (s, 1 H),

3.75 (m, 1 H), 3.14 (m, 2 H), 3.02 (m, 1 H).
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5.2.2. Physical Measurements

X-ray crystal structure determination. Single crystal X-ray diffraction was collected on suitable
crystals mounted on a Bruker APEX-II CCD diffractometer with CuK,, radiation at the Center for
Crystallographic Research at Michigan State University. The following crystal structures have
been submitted to the CCDC data base and can be accessed by their CCDC accession numbers:
[Fe(L)](PFs)2 (1904822), [FeCux(L)](PF¢)s (187542), and [ZnCux(L)](PFs)4 (190480).
Ground-state absorption spectroscopy. Molar absorptivity was collected on a PerkinElmer
Lambda 1050 spectrometer in 1 cm quartz cuvettes in spectrophotometric grade MeCN (Sigma
Aldrich).

Electrochemistry. Electrochemistry was performed using a CH Instruments potentiostat in a 0.1
M tetrabutylammonium hexafluorophosphate (TBAPFs) MeCN solution with a Pt working
electrode, Pt counter electrode, and a Ag wire pseudo-reference electrode in an Ar-filled glovebox.
Cyclic voltammetry measurements were conducted with a 100 mV/s scan rate to determine the
reversibility of redox processes and differential pulse voltammetry was used to find their
potentials. All potentials were internally referenced to the Fc/Fc* redox couple. TBAPFgs was
purchased from Oakwood Chemical Company and recrystallized from ethanol twice before use.
Spectroelectrochemistry. Spectroelectrochemistry was performed in a similar manner as
previously described,!® with some slight modifications: all measurements were carried out in an
Ar-filled glovebox in spectrophotometric grade MeCN (Sigma Aldrich) with 0.1 M TBAPFs using
a Pine Research Pt honeycomb combination working/reference electrode and Ag wire pseudo-
reference electrode controlled by a CH Instruments potentiostat. The solutions were prepared so

the absorbance of the solution was ~0.4 at the maximum of the MLCT absorption feature as
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measured with a SSI400 CCD spectrometer. Spectra were collected every 30 s for 10 min with a
~100 mV overpotential applied for a reductive or oxidative process under investigation.
Variable-temperature time-resolved transient absorption spectroscopy. Nanosecond time-
resolved transient absorption measurements were collected on the desired Fe(Il) complexes
dissolved spectrophotometric grade solvent, either MeCN (Sigma Aldrich) or 9:1 MeOH/EtOH,
and prepared in an Ar-filled glovebox (VacAtm). Ambient temperature samples were prepared in
1 cm quartz cuvettes that were originally purchased from FireFlySci and modified in house with
the addition of a Kontes valve to allow sealing of the sample under inert atmosphere. Variable-
temperature measurements were conducted following the procedure outlined in Chapter 2, and all
nanosecond transient absorption spectra were collected on the same instrument described in that
chapter. All samples were checked for degradation by comparing the UV-Vis absorption spectrum
of the sample before and after TA measurements and no changes were observed.
Ultrafast time-resolved transient absorption spectroscopy. Except for the GSR of [Fe(dfb)s]*",
which was collected by Hayden Biessel, all ultrafast data were collected by Bryan C. Paulus and
described in detail both in his dissertation?® and our article?! describing the ultrafast behavior of
[Fe(L)](PFs)2 and [CuxFe(L)]*".
5.3. Results and Discussion
5.3.1. Ligand synthesis

The synthesis of the macrocyclic hexaimine ligand, here simply denoted as L, was
originally described by Lehn and coworkers from the condensation of 5,5’-diformyl-2,2’-
bipyridine (dfb) and tris(2-aminoethyl)amine (tren).!* However, the conditions detailed in this
report were vague as to the actual experimental conditions used to isolate the dfb starting material.

Therefore, Lindsey Jamula?? devised a straightforward step-wise synthetic scheme to transform
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the commercially available 5,5’-dimethyl-2,2’-bipyridine (5,5’-dmb) into the desired starting

material (Figure 5.2). This synthetic route was easily performed on a multi-gram scale. It should

be noted that the common route for the synthesis of 4,4’-dfb, oxidation of either the dialcohol®* or

dmb?* using selenium dioxide, was unsuccessful in the synthesis of 5,5’-dfb. The imine
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condensation that assembles the macrocyclic ligand was efficient at smaller scales, however

Figure 5.2. Scheme outlining the synthesis of the cage ligand.

scaling this reaction up to any larger than 200 mg of dfb resulted in the formation of inseparable
side products, presumably due to the highly insoluble nature of both the dialdehyde starting
material and the product itself; efficient stirring during the dropwise addition of dfb is crucial even

at smaller scales.
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5.3.2. Synthesis and ground-state characterization of [Fe(dfb)3]°* and [Fe(L)]**

The synthesis of [Fe(L)](PFs). was achieved through the well-accepted method®222° of the
dropwise addition of FeCl,#2H>O to a suspension of L in acetonitrile, followed by the metathesis
of the highly insoluble chloride salt to hexafluorophosphate complex. Over 24 h, [Fe(L)](PFs)>
showed no instability towards atmospheric conditions and there were no indications of
paramagnetic impurities by 'H NMR or Evans method for magnetic susceptibility. However, in
addition to the peaks ascribed to the protons on the ligand of [Fe(L)]** as drawn in Figure 5.1,
there was also a broad peak in the aromatic region of the 'H NMR spectrum in dry CD3CN that
disappeared when one drop of D-O is added to the NMR tube, indicating the presence of an
exchangeable proton in the complex (Figure 5.3).

All of the other peaks in the spectrum of [Fe(L)]*'remained unperturbed regardless of the
presence or absence of D>0O, and no shifting of the exchangeable protons was observed at lower
temperatures. 2-dimensional NMR investigations yielded no additional information about these
exchangeable protons The fact that the integration of the 'H NMR spectrum of [Fe(L)]** is
consistent with the structure shown in Figure 5.1, as well as the absence of an aldehyde proton,

indicates that the imines of the cage are intact in solution. Therefore, we must conclude that the

Figure 5.3. (a) Aromatic region of the '"H NMR spectra of [Fe(L)](PF¢) in CD3CN in
absence (teal trace) and presence (red trace) of D>O. (b) Aliphatic region of the '"H NMR
spectra of [Fe(L)](PFs)2 in CD3CN in absence (teal trace) and presence (red trace) of D2O.
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caps of the cage are able to hydrogen-bond to protons that are scavenged from trace water in
solution. Unfortunately, the x-ray crystal structure of [Fe(L)](PFs)2 (Figure 5.4c) is not of high

enough quality to prove or disprove this hypothesis. To have a link between the benchmark

Figure 5.4. X-ray crystal structures of (a) [Fe(bpy)s](PFs)2, (b) [Fe(dfb):](PFs)2, (c)
[Fe(L)](PFs)2. Counteranions and hydrogen atoms are excluded from all crystal structures for
clarity.

[Fe(bpy);]*" complex and the new macrocyclic [Fe(L)]*" complex, the #ris-5,5’-diformyl-2,2’-
bipyridine iron(Il) complex ([Fe(dfb)]**) was also prepared. The electronic effects induced by the
5,5’-diformyl substituents in dfb should be similar to those introduced by the imine moieties in the
cage ligand,?¢ but the structural ramifications of tethering together the three bpy ligands expected

in [Fe(L)]** will be absent in [Fe(dfb)3]*".

Table 5.1. Selected structural parameters of the three complexes in Figure 5.4.

Complex Fe-N distance (A)  Cis N-Fe-N angles  Trans N-Fe-N angles
[Fe(bpy)s](PFe)x*  1.9670 % 0.0004 81.86-94.31° 174.61°
[Fe(dfb)s](PFe)2 1.961 £+ 0.0009 81.93-96.13° 177.30-177.36°
[Fe(L)](PFe)2 1.958 £0.05 81.37-95.54° 170.25-175.46

a: Taken from reference 27.

By comparing the x-ray crystal structures of [Fe(bpy)s]**,>” [Fe(dfb);]*", and [Fe(L)]*
(Figure 5.4), it is clear that tethering together the three bpy moieties has a large impact on the

coordination geometry of Fe(Il). In fact, because of the almost helical twisting of the cage ligand
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adopted to accommodate chelation of the Fe(Il), [Fe(L)]** is actually closer to D3» symmetry than
D;s, the typical symmetry of tris-bidentate transition metal complexes. The ramifications of these

disparate local symmetries are evident in the extinction coefficient of the visible 'A; — MLCT
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[Fe(L)I(PFe)2
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= [Fe(bpy)s](PFs).
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Figure 5.5. Ground state absorption spectra of [Fe(L)](PFs)2, [Fe(dfb);](PFs)2, and
[Fe(bpy)3](PFs)2 in acetonitrile at room temperature.

absorption feature in [Fe(L)]** (Figure 5.5), which at its maximum only reaches 3160 M-'cm!,
whereas for [Fe(bpy)s]** the same feature has an extinction coefficient of 11750 M-'cm™.2® This
absorption feature in both [Fe(dfb);]** and [Fe(L)]*" is significantly red-shifted compared to that
of [Fe(bpy)s]**, presumably due to the increase in delocalization of the m-system and electron-
withdrawing nature of the aldehyde and imine moieties.

Electrochemical measurements were performed on [Fe(L)]*" to further characterize the
electronics of this new low-spin Fe(II) complex (Figure 5.6). Unfortunately, the aldehyde
functional groups in [Fe(dfb);]** reacted under electrochemical conditions and prevented the

observation of both Fe!' oxidation and ligand reduction events. In [Fe(L)]**, an irreversible Fe'
g
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oxidation potential occurs at 0.90 V (versus Fc/Fc*), which is almost 225 mV more positive than
that of [Fe(bpy);]*" under the same conditions (0.68 V).2® compared to 17500 ¢cm™ (570 nm)
observed in the absorption spectrum. In octahedral Fe(II) complexes, the origin of the oxidation
sampled electrochemically can be characterized as the loss of an electron from the formally =-
bonding tog orbitals. Therefore, in the limit of octahedral symmetry, the more positive oxidation
potential in [Fe(L)]** versus that in [Fe(bpy)s;]*" represents a stabilization of the t», orbitals.
Although the change in symmetry between the two complexes slightly muddles this conclusion, it
is quite reasonable that the n-withdrawing nature of the imines coupled into the n-system of the
macrocycle ligand would stabilize the tog orbitals.

The first reduction event of [Fe(L)]*" is highly irreversible, so only an approximation of
the reduction potential at -1.3 V (versus Fc/Fc") can be surmised from cyclic voltammetry and
differential pulse voltammetry. Even with this estimation, it can be noted that the reduction of
[Fe(L)]** is more positive than that of [Fe(bpy)s]**, supporting the previously stated conclusions

about the nature of the relatively electron deficient n-system in [Fe(L)]**. Despite the irreversible

Current (x10 A)

I I
1.0 0.5 00 -05 -1.0

Potential (V)
Figure 5.6. Cyclic voltammogram of [Fe(L)](PFe)..
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nature of the redox potentials, the approximate energy of the MLCT excited state, as calculated as
the sum of the oxidation potential of the metal center and the reduction potential of the ligand, is
actually quite close to the observed Amax of the absorption feature: 17900 cm™! (560 nm) from
cyclic voltammetry compared to 17500 cm™ (570 nm) observed in the absorption spectrum.
5.3.3. Ground-state recovery of [Fe(dfb)3]** and [Fe(L)]**

We ultimately are concerned with the MLCT — LF transition this new [Fe(L)]**
chromophore, yet we can still gain insight into the overall nuclear coordinate of excited state
evolution by studying the ground-state recovery (GSR) dynamics of the complex. The differential
electronic absorption spectrum on the nanosecond timescale following excitation into the MLCT
manifold of [Fe(L)]*" in acetonitrile (Figure 5.7a) is characteristic?® of the °T ligand field excited

state in other low-spin Fe(Il) complexes, with a ground-state bleach (GSB) of the visible MLCT
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Figure 5.7. (a) Change in absorbance of [Fe(L)](PFs)2 in acetonitrile following excitation at Apump
= 600 nm. (b) Single-wavelength transient absorption kinetics of [Fe(L)](PFs)2 in acetonitrile at
room temperature monitored at Aprobe = 580 nm following excitation at Apump = 610 nm. Data were
fit to an exponential modified Gaussian model to yield a time constant of T = 25.5+ 0.1 ns.
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absorption feature and an excited-state absorption in the near-UV from the red-shifting of the
ligand-based m-to-t" absorption. Recovery of the 'A; ground-state can be fit with a single
exponential function, yielding a time constant of 24 + 2 ns (Figure 5.7b), much longer than the
1.05 + 0.02 ns?® lifetime reported for [Fe(bpy);](PFs)2 in the same solvent. Perhaps more
significantly, the GSR lifetime for [Fe(L)](PF): is also almost twenty times longer than the 1.34
+ 0.05 ns lifetime of [Fe(dfb)s;](PFs): in the same solvent.* These comparatively slower ground-
state recovery dynamics for [Fe(L)](PF)2 are not outside of the realm of possibility for low-spin
Fe(IT) polypyridyls, for example GSR occurs with T = 55 ns in another hexadentate Fe(Il) complex,
[Fe(tren(py)3)]** (where tren(py)3 refers to tris(2-tris(2-pyridin-2-

ylmethylene)amino)ethyl)amine).*°

17.4
17.2
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Inverse Temperature (X10-3 K_1)

Figure 5.8. Arrhenius plot describing the temperature dependence of the rate of ground-state
recovery of [Fe(L)](PF¢)2 in acetonitrile, monitored at Aprobe = 590 nm following excitation at
Apump = 620 nm. The red line is a fit to the Arrhenius equation (R? =0.99), yield E. = 1010 + 50
cm!and A=5.2x 10°s?! (200 +20 ps™).

ix These data were collected by Hayden Biessel and are presented in the appendix of this chapter (Figure 5.49).
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Table 5.2. Summary of kinetic data, Arrhenius, and Marcus parameters for four low-spin Fe(II)
complexes.

RT }f:)“me E,(cm') A (ps) AG® (em”) A (cm) (gj;‘?l)
[Fe(bpy)s]*** 1.05+0.02 310 £ 15 230 £20 -7300 + 730 11000 £ 1000 4.4+0.2
[Fe(terpy)2]*"“ 52+0.1 755 +70 240 +20 -7600 + 760 14100 £ 1200 6.2+1.2
[Fe(trenpys)]*"® 55+5 1200 £ 100 200+ 50 -6300 + 630 14700 £ 1400 4.4+04
[Fe(L)]* 25+2 1010 +50 200 =20 -9200 + 920 17700 + 1400  4.1+0.2
a: Carey, M. C.; Adelman, S. L.; McCusker, J. K. Chem. Sci. 2019, 10, 134-144 b: Arrhenius parameters from
Brown, A. M. PhD dissertation, Michigan State University, 2011, AG® calculated from electrochemical data
collected by M. D. Woodhouse. All complexes in the table have hexafluorophosphate counteranions and are in an
acetonitrile solution. See text for the assumptions made in the calculation of these thermodynamic parameters.

Complex

As discussed in Chapter 2, it is difficult to disentangle energetic and nuclear coordinate
factors that dictate the lifetimes of individual LS Fe(Il) complexes. However, an Arrhenius
treatment of the rate constant for ground-state recovery as a function of temperature may be
illustrative of the mechanism by which the lifetime for this process extends by a factor of almost
25 for [Fe(L)]** compared to [Fe(bpy)s;]*", especially when analyzed in the context of previously
published Arrhenius parameters. Therefore, variable-temperature time-resolved absorption
spectroscopy (VT-TA) was conducted on [Fe(L)]** in MeCN (Figure 5.8). Marcus parameters for
the °T>» — !A; conversion, namely the reorganization energy (X) and the electronic coupling
constant between the two states (Hab), were calculated from the observed activation energy (E.)
and frequency factor (A) for GSR in [Fe(L)]**. The value for the free energy gap between the T
and 'A; states (AG®°) was approximated from electrochemical data, as described in Chapter 2 and
Carey et al.?® A comparison of these values for a series of low-spin Fe(II) complexes studied by
the McCusker group is given in Table 5.2. First, when comparing the activation energies given in
Table 5.2, it is immediately apparent that complexes with hexadentate ligands ([Fe(trenpys)]** and
[Fe(L)]**) have substantially larger barriers towards GSR than complexes with bi- and tridentate
ligands ([Fe(bpy):]*" and [Fe(terpy).]**, respectively). By consulting eq. 5.1, these results could

signify
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5 _(Arace) (5.1)
=z

that the LF strengths imposed by the hexadentate ligands are weaker (i.e. AG® is less negative)
than that of the lower dentate ligands. In the case of [Fe(tren(py)s)]**, AG® is in fact less negative
than seen for [Fe(bpy)s]*>* and [Fe(terpy).]**, likely a consequence of the mixed imine/pyridine
nature of the donor nitrogen atoms. However, the expected 'A1/°T, energy gap in [Fe(L)]*" is
actually the largest of the four complexes, which on its own would lead to a lower activation

Table 5.3. Summary of kinetic data, Arrhenius and Marcus parameters for [Fe(L)](PF¢)2 in 9:1
MeOH/EtOH.

Complex  RT lifetime (ns)  Ea (cm™) A (ps) A (cm™) Hab (cm™)
[Fe(L)P 141 630220 580+30 16000+ 1300 2.3+ 0.1

18.0
175
€ 17.0

16.5

16.0

| | | | |
35 40 45 50 55

Inverse Temperature (x10° K )

Figure 5.9. Arrhenius plot of the temperature dependence of the rate of nonradiative decay for
ground-state recovery in [Fe(L)]*" in a 9:1 MeOH/EtOH solution. Aprobe = 540 nm and Apump =
570 nm. Line represents the fit to the Arrhenius equation (R? = 0.98) to yield E, = 630 + 20 cm!
and A = (1.74 £0.2) x 107 s (580 = 30 ps™).

energy, the opposite of what is observed experimentally. So, it is clear that any effects imparted

by a more favorable driving force in [Fe(L)]*" is offset by a higher reorganization energy. Indeed,
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the value for A at nearly 18,000 cm™ approximated for an iron(II) polypyridyl is the largest reported
to date.

The origin of this significant increase in A for [Fe(L)]*>* is not immediately obvious, as the
values for A given in Table 5.2 reflect structural reorganization due to both inner-sphere (Ai) and
outer-sphere (Ao) structural reorganizations. To assess the contribution of A,, which originates from
solute-solvent interactions, the temperature-dependence of GSR in [Fe(L)]*>" was also collected in
a 9:1 MeOH/EtOH solution (Figure 5.9). The alcohol nature of this solvent system is expected to
interact differently with [Fe(L)]** than acetonitrile, not only due to the lower dielectric constant
expected for the alcohol solution than that of neat acetonitrile (dielectric constants: MeOH = 32.7,
EtOH = 24.3 versus MeCN = 38.8 at 298 K),*! but also due to the presence of the imine caps on
both ends of the molecule that could hydrogen bond with alcoholic solvents. Unlike previous
studies of [Fe(bpy)s]** in a variety of organic solvents, which showed practically no significant
impact on the measured Arrhenius and Marcus parameters,*? the °T» lifetime in [Fe(L)]** dropped
by almost half by changing solvent, and there was also huge difference observed in the °T> — A,
barrier (Tables 5.2 and 5.3). This would seem to indicate that there are significant solute-solvent
interactions contributing to the kinetics of GSR. However, when A and Ha, values were calculated
by assuming that AG® does not change significantly between solvents, Avecn and Aon were within
error of each other. The factor that does change significantly is the electronic coupling constant, a
reflection of the much smaller frequency factor measured for [Fe(L)]*" in the alcohol solution.
Unfortunately, VT-TA and electrochemistry alone cannot fully explain these results, but a
combination of ab initio molecular dynamics* and x-ray measurements (emission and diffuse

scattering),>3¢ such as those conducted to described the photo-induced changes in solvation of
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[Fe(bpy)s;]*" in water, could yield more insight into the origin of the discrepancies in GSR of
[Fe(L)]*" in different solvents.

Ground-state characterization and VT-TA experiments on [Fe(L)]*" suggest that by
employing this macrocyclic cage ligand, we may have enabled a higher degree of geometric
distortion to occur during GSR, as evidenced by its high activation energy as well as the large
reorganization energy in acetonitrile in comparison to other LS Fe(Il) complexes. While further
investigations are necessary to firmly describe the origin(s) of these findings, as well as the large
discrepancies between the Arrhenius parameters for GSR in two different solvents, the simple
comparison between the GSR dynamics of [Fe(dfb);]** and [Fe(L)]** shows that tethering together
three bidentate ligands has a profound impact on the room-temperature GSR dynamics of the LS
polypyridyl complexes.

5.3.4. MLCT excited-state deactivation of [Fe(dfb);]** and [Fe(L)]**

A thorough investigation of the GSR dynamics of [Fe(L)]** has revealed that the cage
ligand employed to chelate Fe(Il) may be affecting the nuclear coordinate, but the real question is:
have we affected the lifetime of the coveted charge-separated MLCT excited state? This question
will be answered via an investigation of the ultrafast excited-state dynamics with transient
absorption (TA) spectroscopy. First, a spectral tag of the MLCT excited state must be identified to
guide TA measurements. Spectroelectrochemistry was used to predict the differential absorption
spectrum of the MLCT excited state in [Fe(L)]*", taking advantage of the fact that a MLCT can be
formalized as the concomitant oxidation of the metal center (Fe'—Fe) and reduction of a bpy
ligand (bpy—bpy*). Thus, monitoring the absorption spectrum of the complex while applying

either an oxidative or reductive potential can roughly represent those two individual processes,
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and the sum of the two spectra is a qualitative guide for the differential TA spectrum of the MLCT

excited state.

0.6 = Oxidation -
= Reduction
04} = Predicted MLCT spectrum _]

Change in Absorbance

] ] ] ] ]
400 500 600 700 800

Wavelength (nm)

Figure 5.10. Change in the absorbance spectrum of [Fe(L)](PFs). in acetonitrile with 0.1 M
TBAPFs with an applied oxidative potential of 1 V vs Fc/Fc' (red trace) or an applied reductive
potential of -1.2 V vs Fc/Fc' (blue trace). The sum of these two spectra yield a predicted
absorption spectrum of a MLCT excited state (black trace).

As is typical of tris-polypyridyl d° transition metal complexes,!® oxidation of the metal
center results in a loss of the visible MLCT absorption and a red-shift of the ligand-centered n—n"
peak (Figure 5.10, red trace). Reduction of the ligand, on the other hand, leads to broad absorption
throughout the visible region, a hallmark of a bpy-based radical anion (Figure 4.10, blue trace).
The sum of these two spectra simulate the MLCT transient absorption spectrum (Figure 5.10, black
trace), and can be compared to the nanosecond time-resolved full spectrum data (Figure 5.7a),
which we know is the TA spectrum of the 5T, excited state. The mid-visible to near-infrared TA
spectrum of the 5T, is dominated by a GSB, with AA approaching zero at longer wavelengths.
However, the calculated MLCT spectrum from spectroelectrochemistry predicts that this excited

state should have an absorption feature at wavelengths >600 nm, suggesting that probing in this
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region and looking for an initially positive signal that either returns to baseline or transitions to a
GSB would be diagnostic of the MLCT— 3T transition in [Fe(L)]**.

With this guide, Bryan Paulus conducted ultrafast transient absorption on [Fe(L)]*>*, which
are described in detail in his dissertation? and our article regarding the ultrafast behavior of iron(1I)
cage complexes.?! His results will be briefly summarized here, as they provide important
foundations for forthcoming discussions. The ultrafast time-resolved full spectrum of [Fe(L)]*" in
acetonitrile showed the absence of any positive signal red of 600 nm (Figure 5.11), and instead
matched in sign the time-resolved spectrum obtained at nanosecond timescales, indicating a very
fast deactivation of the MLCT excited state into the °T» ligand field excited state. Single
wavelength kinetics revealed a time constant for MLCT excited state decay as 110 + 30 fs, typical
of the reported lifetimes for other low-spin iron(I) polypyridyl complexes.!!:**37-38 Due to the

instability of [Fe(dfb);]** in electrochemical measurements, instead of collecting
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Figure 5.11. Femtosecond time-resolved absorption data of [Fe(L)](PFs)2 acquired in CH3CN
solution. Full spectrum data collected over the first few ps following MLCT excitation at 600

nm. The anomalous features near 600 nm are due to scattered light from the excitation source.
Reproduced from reference 20.
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spectroelectrochemistry on the complex to identify the spectral tag of its MLCT excited state, it
was assumed that it would qualitatively match that of [Fe(L)]**, with the minimum of the GSB
occurring at a wavelength that corresponds to the maximum of the MLCT absorption feature in
the ground-state absorption spectrum. Bryan Paulus found that the lifetime of the MLCT in
[Fe(dfb)3]*>" was very short, sub-100 fs.* From these measurements, we can conclude that despite
lowering the MLCT energy significantly from that observed in [Fe(bpy)s]** (by ~1700 cm™ for
[Fe(L)]** and 2600 cm! for [Fe(dfb)s;]**) and changing the Fe-N coordination geometry by tying
together the bpy moieties in [Fe(L)]**, essentially no change to the MLCT — °T> timescale was
imparted.

Despite the disappointment of the unremarkable MLCT excited-state lifetime for [Fe(L)]*",

the ultrafast TA data yielded additional information about the shorter timescale kinetics:

Calculated: 157 cm™ Calculated: 174 cm™  Calculated: 174 cm”
Observed: 156 cm’” Observed: 173 cm’" Observed: 173 cm™

Figure 5.12. DFT calculated vector displacement diagrams of the observed coherently excited
vibrational modes of [Fe(L)](PFs)2 in acetonitrile. Reproduced from reference 21.

* The very fast time constant and low signal intensity for the MLCT deactivation in this complex prevented a more
precise determination of this lifetime.
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vibrational coherences, observed as oscillatory features superimposed onto the single wavelength
kinetics. A fast Fourier transform (FFT) and linear-predictive singular value decomposition
(LPSVD) analyses of these features revealed the vibrational frequencies that give rise to these
coherent artifacts. To visualize the geometric motions associated with these specific vibrational
modes, Bryan Paulus performed DFT frequency calculations on both the ground state ('A;) and
lowest-energy excited state (°T2) of the [Fe(L)]** molecule.’® He found that all of the
experimentally observed modes could be reproduced by motions of the molecule in the °T; state
that involved both changes in Fe-N bond lengths and angles that were coupled to extensive
distortions of the imine cap in the 3T> ligand field state of the complex (specifically the modes
given in Figure 5.12).

By observing vibrational modes that may be active® during the MLCT — 3T, decay with
transient absorption, a pathway towards disruption of the excited-state nuclear coordinate presents
itself: could hampering movement of the imine caps of the [Fe(L)]** complex through synthetic
modification of the ligand affect the vibrational modes coupled to MLCT excited state deactivation
to such an extent that we could observe a change in the rate of the MLCT — 3T, transition?
Fortunately, the cage ligand provides a relatively simple way to tie up the imine caps: tetrahedral
coordination of a metal cation.

5.3.5. Synthesis of trinuclear cage compounds
Indeed, there was a precedence for coordination of transition metals in the tetrahedral

environment provided by the imine caps of this Lehn cage ligand while maintaining octahedral

*i At the point of writing, we are unable to conclusively state whether or not the vibrational modes observed from
coherent oscillations in ultrafast transient absorption are kinetically relevant (i.e. define the nuclear coordinate for
excited-state decay) or are simply spectator modes. Some insight into this question may be given by the dephasing
times for the coherent oscillations. However, this discussion is beyond the scope of this work and these details are
explored in much greater detail in Bryan C. Paulus’ dissertation.
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coordination of Fe(Il). A previous McCusker group member, Lindsey Jamula, was able to obtain
a disordered crystal structure of [FeCua(L)]**, with the motive of using the Cu(I) as a pathway
towards intramolecular “flash-quench,” whereby in the Fe-based MLCT excited state the
ostensibly Fe(IIl) center is reductively quenched by the nearby Cu(l), isolating the bpy-based
radical and potentially prolonging its lifetime.?> While Cu(I) was convenient for this flash-quench
system, in our current scenario we would actually prefer a photoredox inert transition metal to
avoid difficult-to-interpret kinetic data. Therefore, the best candidate for coordination of the imine
caps was Li": its ionic radius in a tetrahedral environment is almost identical to that of Cu(I), there
should be no possibility for photoredox activity, and there are examples in the literature of
tetrahedral imine lithium compounds.*4

Although ideal in theory, [FeLi>(L)]*" could not be isolated, despite employing many
different lithium starting materials, solvents, reaction temperatures, reaction times, and order of
addition of Fe?* and Li* sources. Ultimately, we must conclude that there simply is not a sufficient
driving force for the coordination of Li" in this particular ligand scaffold. Following this

conclusion, the syntheses of [FeNax(L)]** and [FeK(L)]*" were attempted, but again to no avail.

Next, the synthesis of [FeZno(L)]®* was attempted, starting from [Fe(L)]** in hopes of avoiding

4 -PFg

1) FeCl-2H,0, MeCN, 5 min

2) [Cu(MeCN),](PFg), MeCN, 5 min
3) NH,PFg, MeCN

+  Inseparable
side products

Figure 5.13. Synthetic route employed by Lindsey Jamula to synthesize impure [FeCux(L)](PF¢)4.
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octahedral coordination of Zn?" and forcing it into the tetrahedral sites. After short reaction times
at room temperature, no reaction was observed. On the other hand, at longer reaction times or
elevated temperatures, Fe?" was actually replaced by Zn?*, and no signs of [FeZn(L)]"* (x =1, 2;
n = 2 + 2x) were detected in mass spectrometry. There is precedence of the preferred thermal
stability of octahedral Zn** over Fe?*, and there have been studies that suggest that the formation
constants of Zn>" coordination with polypyridyl ligands is higher than the analogous formation of
Fe?* complexes.*!

Therefore, because the synthesis of a trinuclear [FeX>(L)]™" complex where X is a
photoredox inert metal was not viable, the previously synthesized [FeCux(L)]*" was revisited in
hopes that we could selectively monitor Fe-based dynamics spectroscopically. But first, the purity
of the complex needed to be addressed. When synthesized via the procedure outlined by Lindsey
Jamula (Figure 5.13),%? the 'H NMR of the complex indicated the presence of a ~20% impurity.
Recrystallization of the impure [FeCua(L)]** increased the relative concentration of the impurity
and introduced new peaks to the 'TH NMR. All column chromatography (on silica, neutral and basic
alumina, and LH-20 size exclusion resin) either resulted in no improvement in the purity of the
complex or in complex decomposition.

4 “PFq

\

1) [Cu(MeCN),](PFg), MeCN, 12 h

2) FeCl-2H,0, MeCN, 12 h
3) NH4PFg, MeCN

N
N 2
- N T IzFe

7 N\

Figure 5.14. Modified synthetic route to obtain pure [FeCux(L)](PF)a.
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However, amending the reaction conditions resulted in analytically pure complex (Figure
5.14). By adding the Cu(I) starting material to the cage ligand first and allowing ample time for
coordination prevented incomplete copper complexation and helped pull the highly insoluble
ligand into solution. Then Fe(Il) could be added, rapidly causing an obvious color change from
green to maroon. Again, a relatively long reaction time (12 h) was provided to ensure as much
coordination of Fe(Il) as possible. Filtering the reaction mixture through Celite prior to anion
exchange removed any uncoordinated ligand and the highly insoluble [Fe(L)]Cl.. With these side
products removed, the tetracationic complex could be metathesized to the hexafluorophosphate
salt, not only resulting in a pure compound by elemental analysis, but a high-quality crystal
structure without the disorder originally observed. To begin to assign spectral features derived
from the presence of Cu(I), [ZnCuz(L)]*" was also synthesized following the same synthetic route
outlined in Figure 5.14, but replacing FeCl,e2H>O with ZnCl.

5.3.6. Structural characterization of trinuclear cages

Figure 5.15. X-ray crystal structures of (a) [FeCuz(L)](PF¢)s and (b) [ZnCu2(L)](PF¢)s. Hydrogen
atoms, solvent molecules, and counteranions are excluded for clairity. (c) Overlay of the
[Fe(bpy)s]*" cores from the crystal structures of [Fe(L)]*" (red bonds) and [FeCux(L)]*" (purple
bonds).
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The crystals of both trinuclear complexes (Figure 5.15a-b) were monoclinic in the P2i/c
space group, differing from the orthorhombic Ibam crystal of [Fe(L)]*". However, the local
coordination geometries of the octahedral Fe(Il) centers were indistinguishable from one another
in the [Fe(L)]*" and [FeCu2(L)]*" complexes (Figure 5.15¢), suggesting that any spectroscopic
differences between the two would not arise from geometric factors. The average Cu-Fe distance
in [FeCux(L)]*"is 4.99 A, a sign that electronic communication between the two metals is unlikely.
5.3.7. Ground state absorption of trinuclear complexes

From a comparison of the ground state absorption spectra of [Fe(L)]*" and [FeCux(L)]**
complexes in acetonitrile, it is clear that the mid-visible Fe-based MLCT manifold is not greatly
affected by the addition of coordinated Cu(I) atoms in [FeCux(L)]*" (Figure 5.16). This feature is

slightly red-shifted in the [FeCux(L)]*" complex by ~350 cm! relative to [Fe(L)]*" and is most
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Figure 5.16. Ground-state absorption spectra of [Fe(L)](PFs)2, [FeCuz(L)](PFs)s, and
[ZnCux(L)](PFs)4 in acetonitrile at room temperature.

*ii The overlay of the crystal structures of [Fe(L)]*" and [FeCux(L)]*" was prepared by Dr. Richard J. Staples.
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likely the consequence of the electron-withdrawing effect of copper coordination to the imine caps.
The presence of the ~6500 M-'cm! feature near 26000 cm™! in both [ZnCux(L)]*" and [FeCua(L)]**
complexes suggests it is copper-based, probably a Cu! — L MLCT.The fact that there are not
strong deviations in the absorption spectrum of [FeCux(L)]** from the features observed in
[Fe(L)]** and [ZnCux(L)]** confirms the absence of electronic perturbation to the Fe and Cu
systems.

5.3.8. Electrochemistry of trinuclear complexes
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Figure 5.17. (a) Cyclic voltammogram and (b) differential pulse voltammogram of
[FeCux(L)](PF¢)s in acetonitrile with 0.1 M TBAPFs and referenced internally to the Fc/Fc*
couple.

Cyclic and differential pulse voltammograms of [FeCux(L)]** (Figure 5.17) and
[ZnCux(L)]** (Figure 5.18) in acetonitrile were measured to further characterize the electronics of

the two trinuclear complexes. Both copper-containing complexes have an oxidative feature

il

between 600-700 mV versus Fc/Fc*, which can thus be assigned to a Cu"" oxidation. Only one of

these features is observed for each complex, indicating that both Cu' atoms in a given trinuclear

complex are electronically equivalent. The 70 mV shift to more positive potentials for the Cu'™
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oxidation in the [FeCuax(cage)]*" versus its Zn(II) analogue reflects the decreased orbital overlap
between Zn(II) and the ligand in comparison to Fe(Il), as evidenced by the longer average Zn-N
bond lengths (2.16 A) than the average Fe-N bond length (1.98 A). This effectively results in less
electron donation from the ligand to Zn(Il), allowing for a slight increase in electron density

donation from the ligand to the Cu! atoms, in comparison to the stabilization of Cu' in [FeCua(L)]*".
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Figure 5.18. (a) Cyclic voltammogram (b) and differential pulse voltammograms of

[ZnCuz(L)](PFe)4 in acetonitrile with 0.1 M TBAPFs and referenced internally to the Fc/Fc*
couple.

Likewise, the first reduction potential in [FeCux(L)]*" is 70 mV more positive in
[ZnCuz(L)]*". At more positive potentials, the Fe"! oxidation wave is observed at 1.24 V in the
cyclic voltammogram of [FeCux(L)]*". Because the Cu”" oxidation occurs at less positive

otentials than the Fe'"! oxidation, it is impossible to directly compare the potentials at which the
p p Y p p

Table 5.4. Summary of the electrochemical potentials measured for the cage complexes in
acetonitrile with 0.1 M TBAPFs. All potentials are referenced to the Fc/Fc* couple.

Assignment  [Fe(L)](PFe)2  [FeCua(L)](PFe)sa [ZnCua(L)](PFs)4

FelVill 0.90V 1.24V -
Cu/! - 0.68V 0.61V
L/L- -1.07V -1.17V -1.18V
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Fe'l center is oxidized in the [Fe(L)]*" and [FeCuz(L)]*" complexes. The Fe'"™ oxidation potential
is also irreversible and appears to degrade the complex, further preventing a reliable comparison
between iron-containing complexes.

5.3.9. Spectroelectrochemistry of trinuclear complexes

The addition of the non-photoredox-innocent Cu(I) to the Fe-containing cage complex has
the potential to complicate interpretation of the photophysical data collected on [FeCux(L)]*".
Although the ground-state absorption spectrum of the complex indicates that exclusive excitation
into the Fe-based MLCT absorption features is possible (Figure 5.16), having clear spectral tags
of photoinduced Cu(I) redox activity will enable the accurate elucidation of all forthcoming
photophysical measurements on [FeCuz(L)]*". The most feasible complication arising from Cu(I)
is its potential ability to reductively quench the formally Fe** formed in the MLCT excited state.
To model the differential absorption spectrum of this species, as well as the Fe-based MLCT
spectrum in [FeCux(L)](PFe)s, spectroelectrochemistry of all three cage complexes was utilized
(Figures 5.10 and 5.19).

First, oxidative and reductive spectroelectrochemistry was collected on both trinuclear
complexes (Figure 5.19). The oxidative spectrum of [ZnCux(L)]*" (Figure 5.19a) shows that
oxidation of Cu(I) results in the loss of the Cu-based MLCT, causing a ground-state bleach in the
near-UV and only a very slight absorptive feature in the near-IR. A similar effect is observed in
the oxidative spectrum of [FeCux(L)]*" (Figure 5.19¢) with the additional loss of the Fe-based
MLCT in the mid-visible, as it was not possible to isolate either the Fe!-only or Cu'-only oxidation
in these experiments. Therefore, to look for any photo-induced Cu' redox activity in the transient
absorption of [FeCuz(L)]*, probing at ~400 nm where the maximum of the GSB will be the most

elucidating.

165



0.05F I I I I
! ! ! N 0.14 !
o 0.00 S $0.12
Q [
S ®
3 -0.05} | £o10
2 § 0.08
< -0.10H 4 <
£ <0.06
>-0.15 ~ £0.04
3 c
O p.20H | ©o0.02
0.00 4
-0.25 L l | I
400 500 600 700 800
Wavelength (nm)
¢ d
0.1FT T T T T
4 0.20
8 00 3
[ C
g 8015
S 1 &
3 0.1 3
< < 0.10
£ £
= € 0.05}
s o
5-0.3 4§
0,00 = e T T
_04 1 1 1 1 1
800 400 500 600 700 800

Wavelength
Wavelength (nm) avelength (nm)

Figure 5.19. Change in absorbance monitored over time as a potential is applied. (a) Oxidative
spectrum of [ZnCux(L)](PFs)s with an applied potential of 0.7 V. (b) Reductive spectrum of
[ZnCux(L)](PFs)4 with an applied potential of -1.3 V. (c¢) Oxidative spectrum of [FeCuz(L)](PFs)4
with an applied potential of 1.35 V. (d) Reductive spectrum of [FeCuz(L)](PF¢)s with an applied
potential of -1.3 V. In all spectra, the red trace corresponds to the differential absorption spectrum
with no applied potential (baseline), and the violet trace corresponds to the last spectrum collected
with the applied potential. All spectra are collected in acetonitrile with 0.1 M TBAPFs. All
potentials are referenced to the Fc/Fc' redox couple.

To model the Fe-based MLCT difference spectrum of [FeCux(L)]*, two different

approaches were taken. In the first method (Figure 5.20, blue trace), the oxidative spectrum of
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Figure 5.20. Calculated absorption spectrum of the MLCT excited state in [FeCux(L)]*".

[ZnCux(L)]*" was subtracted from the oxidative spectrum collected on [FeCux(L)]**. To this
approximate “[Fe'Cux(L)]’*” spectrum, the differential absorptive trace obtained from the
reduction of [FeCux(L)]** (Figure 5.19d) was added. For the second model (Figure 5.20, red trace),
the oxidative spectrum of [Fe(L)]** (Figure 5.10, red trace) was added to the reductive spectrum
of [FeCux(L)]*" (Figure 5.19d). Both of these two calculated Fe-based MLCT excited state spectra
for [FeCux(L)]*" are qualitatively very similar (Figure 5.20), and indicate that the same probe
wavelengths used to monitor the MLCT — °T, decay dynamics in [Fe(L)]*", i.€. Aprobe > 600 nm,
should be sufficient.

5.3.10. Ground-state recovery of [FeCux(L)]**

To begin to address whether or not the coordination of the tren caps of L to Cu(I) atoms
have affected the nuclear coordinate of Fe(Il) excited state dynamics, the ground-state recovery
dynamics of the trinuclear complex were investigated in acetonitrile and compared to those found
for [Fe(L)]**. As with the mononuclear complex, exciting into the Fe(Il)-based MLCT absorption

of [FeCux(L)]*" results in a time-resolved differential spectrum characteristic of the >T ligand field
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excited state (Figure 5.21a). In fact, the features observed in the full spectrum of [FeCua(L)]** are
essentially superimposable upon the full spectrum of [Fe(L)]**. No biphasic kinetics were observed
when probing between 300-700 nm: thus, we can conclude that when exciting into the visible
MLCT absorption, the dynamics on this time scale are solely attributable to Fe', without

interference from the Cu! atoms.
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Figure 5.21. (a) Change in absorbance of [FeCux(L)](PFs)4 following excitation at Apump = 610
nm in acetonitrile. (b) Single wavelength kinetics of [FeCux(L)](PFe)4 monitored at Aprobe = 580
nm. Data were fit to an exponential modified Gaussian model to yield a time constant of T = 8.2
+ 0.1 ns. All data collected at room temperature.

However, the time constant associated with the loss of the 3T» excited state of [FeCux(L)]**
is much shorter than that observed in the iron-only complex: only 7 + 2 ns at 300 K, regardless of
the pump/probe combination used. This reduction in excited-state lifetime by almost a factor three
compared to [Fe(L)]** indicates that the coordination of the Cu(I) atoms has disrupted either the
energetics of the 'A; and T; states, their relative nuclear displacements, or a combination of these
two factors, as the ground-state geometries of the Fe(Il) coordination centers in complexes are

identical (Figure 5.15c).
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To probe the origin of the increased rate of GSR in [FeCux(L)]*" in comparison to [Fe(L)]*",
variable-temperature transient absorption spectroscopy measurements were conducted on the
complex in an acetonitrile solution. Surprisingly, the lifetime of the T excited state only increases
from 9 + 2 ns at 295 K to only 17 + 2 ns at 235 K, yielding an activation energy of 550 + 80 cm'!
(Figure 5.22). Despite the large error associated with the Arrhenius parameters of [FeCuz(L)]*, a
result of the relatively short lifetimes, " the fact that the activation energy of [FeCux(L)]*" is almost

half of that of the [Fe(L)]** (Figure 5.8) is still significant.
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Figure 5.22. Arrhenius plot of the temperature dependence of the rate of nonradiative decay for
the 5T, — 'A; ground-state recovery of [FeCux(L)](PFs)s in acetonitrile, monitoring at Aprobe =
570 nm and Apump = 600 nm. The red line represents a fit to the Arrhenius model, yielding E. =
550 + 80 cm™ and A = (1.74 £ 0.8) x 10° s7! (580 ps!).

Towards parsing out the electronic and nuclear components of the T, — 'A; conversion
in the two iron-containing compounds , we can approximate AG® electrochemically, as we have

done for [Fe(L)]*" and other LS Fe(Il) polypyridyl complexes.?®*? However, the validity of this

xil The instrument response function of the nanosecond transient absorption system used to collect these data is ~ 7
ns, establishing the lower limit of lifetimes that can be reliably resolved.
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already debatable assumption*V may be questioned even further in this case, as the presence of the

Cu' oxidation at more positive potentials that the Fe!'!

couple most likely influences the measured
Fe!! oxidation potential (Table 5.4). Keeping this in mind, AG® in [FeCux(L)]*" is -11800 = 1180
cm’!, technically outside of error of the value approximated for [Fe(L)]*" (9200 + 920 cm™!, Table
5.2). Then, using this approximated value of AG®, A and be calculated from the activation energy
(eq. 5.1) and was found to be 18100 + 900 cm™! for [FeCuz(L)]**, within error of that found for
[Fe(L)]*" in the same solvent (17700 + 1770 cm’!, Table 5.2). Unfortunately, making firm
conclusions about the origin of the faster rate for GSR in [FeCux(L)]*" and its much lower °T, —
A barrier is impossible with so many approximations.

One piece of computational evidence suggests, however, that upon coordination of the two

Cu(I) atoms into the cage ligand, the nuclear displacement (AQLr/Gs) between the T> and A states

decreases in comparison to the iron-only complex. A “linear reaction path” can describe the
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Figure 5.23. Decomposition of the total inner-sphere reorganization energy for the °T» — A
transition, as calculated from the Duschinsky method for a) [Fe(L)]** and (b) [FeCua(L)]**.
Reproduced from reference 20.

*iv See Chapter 2 of this dissertation for an explanation of the electrochemical approximation for AG® in LS Fe(II)
polypyridyls.
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straight-line, least motion geometric path*? that accompanies an intersystem crossing event
through linear interpolation and extrapolation, and has been used to describe nuclear
reorganization during excited-state evolution in Cr(acac);.** From DFT geometry optimizations
and frequency calculations on the 'A; and T states of the two complexes conducted by Bryan
Paulus,?® a Duschinsky vector was constructed, which is the normal-mode representation of the
Cartesian displacement vector between equilibrium geometries.** From these individual
displacements (Figure 5.23), a total inner-sphere reorganization energy (Ai) can be calculated.
Bryan found that for [Fe(L)]**, Ai = 12100 cm!, but for [FeCuz]*", Ai = 9320 cm’!, suggesting that
AQrrscs is smaller in the trinuclear complex than in [Fe(L)]*". It should be noted that the values
for Ai calculated in this manner reflect the overall geometric distortions between the >T» and 'A;
states, not just those that are actually coupled to the ISC. In addition, these values ignore outer-

sphere reorganization energy, which we know may be non-negligible for [Fe(L)]*". Nonetheless,
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Figure 5.24. Arrhenius plot of the temperature dependence of the rate of nonradiative decay for
the 5T, — 'A; ground-state recovery of [FeCux(L)](PFe)s in 9:1 methanol/ethanol, monitoring at
Aprobe = 580 nm and Apump = 610 nm. The red line represents a fit to the Arrhenius model, yielding
Ea=1560+30 cm™! and A = (1.52 +0.4) x 10° s (660 ps).
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these computational results, in addition to the VT-TA data on [Fe(L)]** and [FeCua(L)]**, suggest
that by rigidifying the macrocyclic cage ligand in [Fe(L)]** through the coordination of two Cu(I)
atoms, we may have impacted the nuclear coordinate defining GSR. These complexes would be
excellent candidates to study with time-resolved x-ray techniques, such as EXAFS, to
unequivocally determine which compound displays a higher degree of distortion in the 3T state.

Finally, to access a wider range of temperatures for VI-TA with [FeCux(L)]*" and
investigate the role of solute-solvent in GSR, the Arrhenius parameters for the ST, — 'A; were
also collected in 9:1 methanol/ethanol (Figure 5.24). Unlike what was observed for [Fe(L)]**, the
activation energy measured for GSR in the alcohol mixture is practically identical to that measured
in acetonitrile, and the frequency factors measured in the two different solvent mixtures are within
error of each other. The lack of solvent effects detected for [FeCua(L)]*" further increases the
probability of an interaction occurring between the alcohol functional groups present in the 9:1
methanol/ethanol solvent mixture and uncoordinated imine caps in [Fe(L)]**.

5.3.11. MLCT excited-state deactivation in [FeCux(L)]**

The comparison between the GSR dynamics of [Fe(L)]** and [FeCux(L)]*" have hinted at
the possibility that we have affected the >T»/' A1 nuclear coordinate through synthetic modification,
bringing up the question: will we also observe an impact of the rate of MLCT deactivation? Guided
by spectroelectrochemistry on the three cage complexes (Figures 5.10 , 5.19, 5.20), Bryan C.
Paulus collected and analyzed ultrafast time-resolved transient absorption spectroscopy on
[FeCux(L)]*" in acetonitrile to measure the MLCT deactivation dynamics. Upon collecting full
spectrum data following excitation into the Fe-based MLCT absorption (Figure 5.25), it became
immediately apparent that the dynamics of the Cu-containing cage complex differed substantially

from those of the Cu-free complex (Figure 5.11), and we can actually observe an excited-state
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absorption red of 650 nm, which was virtually absent in [Fe(L)]**. The match between the data
presented in Figure 5.25 and the predicted MLCT spectrum from spectroelectrochemistry (Figure
5.20) as well as the fact that they differ from the differential absorption data collected at longer
timescales (Figure 5.21a) provided a strong indication of MLCT excited-state that persists longer

2021 monitoring in the near-

than most LS Fe(II) polypyridyl complexes. Single wavelength kinetics
IR region revealed bi-phasic kinetics, with t; =440 + 50 fs and 12 = 2.6 = 0.1 ps. Most importantly,
the 2.6 ps component is associated with the loss of the positive absorption feature in the near-IR,
and therefore defines the decay of the MLCT state. This 2.6 ps lifetime represents a >20-fold
increase in the SMLCT excited-state lifetime compared to [Fe(L)]**, and is the longest-lived MLCT
excited state to-date for a LS Fe(Il) polypyridyl complex.

The origin of the 440 fs component is still unclear at this time, however based on previous
20,21

work*# on the SMLCT decay dynamics on [Ru(bpy)s;]*>" as well as variable solvent studies

conducted on [FeCuz(L)]**, both as the hexafluorophosphate and ‘BAr" salt, seem to indicate that

° 0.00

&)

c

®

2

o)

3

< -0.02f

£ 1ps

o) 2 ps

2 5 ps

© 8 ps

c

©) — 10 ps
'004 B —_— 14 pS

500 600 700

Wavelength (nm)

Figure 5.25. Full spectrum ultrafast time-resolved absorption spectrum of [FeCux(L)](PF¢)4 in
CH;CN following excitation at 600 nm.
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this time constant is due to librational motion of the solvent, which is induced by the redistribution
of charge upon population of the MLCT excited state. To confirm that these dynamics associated
with the 2.6 ps component are indeed due to the prolonged population of a Fe-based *MLCT
excited state, and that the Cu' atoms are not undergoing any change in oxidation state, ultrafast
kinetics were collected while still exciting into the mid-visible absorption feature (600 nm) but
probing at 396 nm.?*2!This near-UV region is dominated by a Cu-based MLCT feature in the
ground-state absorption spectrum of [FeCux(L)]*" (Figure 5.16) and is where the
spectroelectrochemistry of the copper-containing trinuclear cage (Figure 5.19) indicates there
should be a significant GSB upon oxidation of Cu'. These studies revealed a small-amplitude
bleach that decayed with a time constant of 2.6 ps, and the bleach did not exhibit a large-amplitude
decay to even more negative values of AA. Obtaining the exact same time constant as when
probing at 700 nm and the fact that large amplitude changes in AA were not observed indicate that
Culis not changing oxidation states upon photoexcitation of Fe!l,

These results all point to a longer-lived Fe-based MLCT excited state, which was achieved
through synthetic modification of a closely-related compound. Because the ground-state
geometries of the iron(Il) center in [Fe(L)]*" and [FeCux(L)]*" are practically identical, and the
MLCT energies are very similar in the two compounds, we know that the changes in the excited-
state dynamics must be mainly attributable to changes in the lowest-energy excited state, the >T».
The exact nature of this change, however, is still unclear. Studies on the GSR of both compounds
seem to indicate that both the >T2/'A| energy gaps and reorganization energies are affected by the
coordination of Cu! atoms. This implies that the potential energy surface corresponding to the 3T
excited state in [FeCux(L)]*" is displaced both vertically and horizontally relative to that of

[Fe(L)]**, which then of course would impact the dynamics of the SMLCT — T, conversion.
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For more insight into the relative contributions of the energetic and nuclear perturbations
to the 5T> excited state in the exciting dynamics of [FeCux(L)]*", we can consider cases in which
very strong-field ligands have been employed to significantly destabilize the ligand field excited
states of their respective LS Fe(Il) complexes. What makes these complexes notable is that they
deviate from the 3MLCT — °T, — 'A; excited-state cascade* that has been established for
prototypical LS complexes, such as [Fe(bpy)s]**, in one of two ways: 1) a T ligand field state is
the lowest-energy excited state (indicating that the ligand field strength has passed the *T/°T,
crossing point on the d® Tanabe-Sugano diagram), resulting in a MLCT — 3T — !A;
photophysical pathway or 2) the *"MLCT becomes the lowest energy excited-state, and GSR occurs
from this state. For complexes belonging to the first class, the MLCT excited state lifetimes range
0.8-9 ps and GSR from the T ligand field state occurs in less than 20 ps.*¢*® For the other class
of complexes, the reported *MLCT lifetimes (and therefore time constants for GSR) are between
0.02-2 ns.*->2 However, in the unique example of [FeCux(L)]**, all experiments point towards the
traditional photophysical cascade, but with the caveat of an unusually long-lived MLCT excited
state. Since this is unheard of in the realm of LS complexes with very strong-field ligands, we
propose that the main mechanism behind prolonging the SMLCT excited state lifetime in
[FeCux(L)]*" is actually the disruption of the *MLCT — °T> nuclear coordinate, achieved by

hindering the geometric changes coupled to the ISC event.

*¥ These are the excited-states that can be confirmed with transient absorption. Fluorescence up-conversion can
capture the 'MLCT — *MLCT ISC event and femtosecond time-resolved x-ray fluorescence spectroscopy has
shown evidence for a 3T intermediate prior to T2 population in [Fe(bpy)3]*".
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5.3.12. Attempts to synthesize other macrocyclic coordination compounds

Ideally, we would study the photophysics of an Fe-containing analog to [FeCux(L)]*" to
test our hypothesis of the origin of the extended *MLCT excited-state lifetime and change in LF/GS
barrier height. However, as detailed previously, Cu(I) seemed to be the “goldilocks” of cations for
tetrahedral coordination into the tren caps of L. The most successful attempt towards the isolation
of another iron-containing trinuclear cage complex was when AgPFs was added in the place of
[Cu(MeCN)4](PFs)2, followed by the addition of Fe(BF4),2H>O. Recrystallization via ether
diffusion into acetonitrile solutions of the purple product yielded x-ray quality crystals, the
structure of which is presented in Figure 5.26a and shows that the desired product, [FeAga(L)]*,
was successfully synthesized, however [FeAgH(L)]*" was also formed and co-crystallized with
the trinuclear complex. All further attempts to isolate the fully trinuclear complex [FeAgy(L)]**
were unsuccessful, and the samples of the crude silver-contain products were photo-unstable,
precluding any additional efforts. The ruthenium analogs to [Fe(L)]*" and [FeCux(L)]*" were also

pursued, as they could provide an avenue to investigate the relative displacements of the MLCT

® Fe

® Ag

Figure 5.26. X-ray crystal structures of (a) [FeAgi sHo.s(L)]*", (b) [Ru(tren)(DMSO)CI1]* (CCDC
accession number: 1879066), and (c) [Fe(LH)](PFs)>. Hydrogen atoms, solvent molecules, and
counteranions have been removed for clarity.
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excited states via steady-state emission.>? These attempts resulted either in no evidence of Ru(II)
coordination to the tris-bpy core of the ligand or degradation of ligand (Figure 5.26b).

It could be worthwhile to investigate the effects of modulating the steric rigidity of the
macrocyclic cage ligand through other means besides coordination of cations in the tren cap. One
option for decreasing steric rigidity is to reduce the imines that compose the tren caps to secondary
amines. Lehn reported that the imine reduction of L was successful with Pd/C and hydrogen gas
in MeOH,'* however no conversion of the imines to secondary amines under these conditions was
observable in my hands. Instead, using conditions based off of those that Novotna et a/ developed
for the reduction of imines in benzyl-based macrocycles,> the fully reduced version of L, “LH”,
was successfully synthesized using NaBH4 in DCM/MeOH. This reaction was highly variable and
difficult to optimize: it either yielded the desired product alone or in the presence of several
impurities that could be separated in poor yields (~1 %) on a silica gel column. [Fe(LH)]*" was

synthesized and the crystal structure indicated high levels of disorder in one of the tren caps (Figure
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Figure 5.27. Normalized ground-state absorption spectra of [Fe(5,5’-dmb)3](PFs)2, [Fe(L)](PFs)2,
and [Fe(LH)](PFs). in acetone at room temperature.
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5.26c¢), most likely due to the increased flexibility of alkyl arms of tren. Due to the very small
quantities of LH that were obtained, the photophysics of [Fe(LH)]** have only just begun to be
investigated, and the attempted synthesis of [FeCux(L)]*" was not optimized. In spite of the
preliminary nature of work on complexes employing LH, it is still interesting to note that the
absorption spectrum of the crude [Fe(LH)]*" complex much more closely resembles that of
[Fe(5,5’-dmb)]?* than [Fe(L)]*" (Figure 5.27), highlighting the significant impact of the imine
moieties on the energetics of the MLCT manifold, in contrast to the long-held assumption that
substitutions to the 5,5’-positions on bpy should have little to no impact on the energetics of the
ligand-based n-system.
5.3.13. Possible synthetic modifications to the macrocyclic cage ligand L

Replacing the #ris-bpy core of L with the more inflexible bidentate ligand 1,10-
phenanthroline (phen) and subsequently comparing the excited-state properties of its Fe(II) and
[FeCux(X)]*" complexes to their analogs reported in this chapter is another way in which the effects
of increased rigidity on the excited-state dynamics of Fe(Il) polypyridyls may be investigated.
There are no published reports of a dual-tren capped phen-based macrocyclic. For that matter, of
the synthesis of 3,8-diformyl-phen, which could form a phen-analog to L upon condensation with
tris(2-aminoethyl)amine, has also not been reported. This diformyl building block should be
synthetically accessible either from the direct oxidation of 3,8-dimethyl-phen with selenium

55,56

dioxide, as is reported for the synthesis of 2,9- and 4,7-diformyl-phen, or by following the

same route used in this dissertation for 5,5’-diformyl-bpy, beginning with the Jones oxidation of a

0]
@EN”Z : lkf Nal, oSO, -/ \
110°, 16 h _ _
NH, N N
Figure 5.28. Synthesis of 3,8-dimethyl-1,10-phenanthroline.
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dimethyl-phen starting material. Unlike 5,5’-dmb, 3,8-dimethyl-phen is not commercially
available, and the only published procedure reports a <16% yield for its synthesis (Figure 5.28).°7

In the opposite vein of a phen-based macrocycle, the flexibility of L could be increased by
introducing an additional carbon to the bpy-imine linkage. This could be achieved by condensing
2,2'-([2,2"-bipyridine]-5,5'-diyl)diacetaldehyde, the synthesis of which is proposed in Figure 5.29

from the corresponding diol,>®

with tren. With these extended alkyl caps, the chances of
coordinating cations with larger radii than Cu(I) would be improved, perhaps enabling the

synthesis of other trinuclear complexes besides [FeCux(X)]*" and therefore extending the series of

complexes with varying degrees of rigidity.

L AN nes LA on o meonmer Ll N HoLEon
N ) colaizh N= S EtOH, A, 2 h | A 18h
PZ — Br Pz CN

OEt
Oy ~
oxalyl chioride, DMSO, TEA NN N

DCM, -78°C, 3 h

Figure 5.29. Proposed route to the diformyl precursor that would enable the synthesis of an
extended bpy-imine linked cage ligand via a condensation with tris(2-aminoethyl)amine.

5.4. Concluding Remarks

In this chapter, we set out to disrupt the geometric distortions coupled to the MLCT — °T»
decay by employing a macrocyclic cage ligand. Following the synthesis of [Fe(L)]**, the Arrhenius
parameters associated with the °T> — A, process were found using variable-temperature transient
absorption spectroscopy. The high activation energy, as well as the large reorganization energy
approximated from experimentally-derived parameters, indicated that this ligand may have

impacted the GSR nuclear coordinate; however, the inability to precisely determine AG?®, for this
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complex and other LS Fe(Il) complexes, has precluded a definitive conclusion. Ultrafast transient
absorption spectroscopy was able to show that the MLCT — °T» dynamics of [Fe(L)]*" were not
significantly different than most other LS Fe(Il) polypyridyls. However, these measurements also
yielded vibronic coherences associated with the decay of the MLCT excited state. Visualization of
the vibrational modes that give rise to these coherent features in ultrafast transient absorption
kinetic traces with DFT frequency calculations showed that during the loss of the MLCT excited
state Fe-N bond stretching and torsional motions were active. These vibrational modes were
coupled to deformations of the uncoordinated peripheries of the ligand.

This observation prompted us to disrupt these motions through the coordination of a cation
to the imine caps tethering together the bpy moieties of the ligand. The trinuclear complex
[FeCuzx(L)]*" was successfully synthesized, and then a combination of experimental and theoretical
analyses of the °T» — 'A; conversion indicated that in comparison to [Fe(L)]*", the relative nuclear
displacements between the 'A; and T states were affected by this synthetic modification. Most
importantly, the MLCT excited state lifetime of [FeCuz(L)]*" was found to be 2.6 ps, a 20x
increase compared to [Fe(L)]** and the longest reported MLCT lifetime for a LS Fe(II) polypyridyl
complex. An investigation of the photophysics of [Fe(L)]*" and [FeCux(L)]*" with time-resolved
x-ray absorption techniques would help elucidate the exact mechanism of prolongation of the
MLCT excited state lifetime, as well as the role of solute-solvent interactions during excited state
evolution. Even so, these highly collaborative results highlight not only the promise of utilizing
nuclear coordinate information to inspire synthetic design to control excited-state dynamics, but
also the possibility of obtaining this nuclear coordinate information from vibronic coherences

observed in ultrafast transient absorption spectroscopy.

180



APPENDIX

181



l | I
Il i )

p—
R

8 2

2 3 i

00 99 98 97 96 95 94 93 92 91 90 89 88 87 86 85 84 83 82 81 80 79 78 77
1 (ppm)

3.0 25

4.0 35

7.0 6.5 6.0 55 5.0 45
1 (ppm)

Figure 5.30. '"H NMR of [Fe(dfb)s;](PFe), in CD3CN. Inset shows an expansion of the aromatic

region.
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Figure 5.31. ®C NMR of [Fe(dfb)3](PF6)2 in CD3;CN.
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Figure 5.32. ESI-MS of [Fe(dfb)3](PFs).. Top: calculated isotope pattern for [M-2(PF¢)]**

(C36H24N6OsFe). Bottom: experimental result.
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Figure 5.33. 'H NMR of [Fe(L)](PFs), in CDsCN.
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Figure 5.34. °C NMR of [Fe(L)](PFs)2 in CD3CN.
XS2_01082020_Fecage (0.282) Is (1.00,0.01) C48H46N14Fe 1
438.1768
100
438.6782
m
439.1795
437.4791
. ‘ 437.6805 439.6807 4401819 "
T T T T
437 438 439 440
XS2_01082020_Fecage 24 (0.282) 1
100- 438.4777
4386791
<
439.1801
N 437.1797 437.2867 437.6800 437.8917 4382263 4ags500 | 487235 4388050 ‘ 439.3357 439.6780 4308716 4401559 4403399 440.
T T T T
437 438 439 440

Figure 5.35. ESI-MS of [Fe(L)](PF¢).. Top: calculated isotope pattern for [M-2(PF¢)]**
(CsgH4sN14Fe). Bottom: experimental result.
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Figure 5.37. 3C NMR of [FeCux(L)](PFs)4 in CD3CN.
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Figure 5.38. ESI-MS of [FeCux(L)](PFs)2. Top:
(CsgH4sN14FeCuz). Bottom: experimental result.
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Figure 5.40. ESI-MS of [FeCux(L)](BArF)s. Top: calculated isotope pattern for [M-4(BArF)]*
(CsgH4sN14FeCuz). Bottom: experimental result.

XS2_10232019_SLA5101 (0.045) Is (1.00,0.01) C112H70N14Cu2FeB2F48
1004

13636740

1364 6736

1364.1730

1365

1732

1365,

1: TOF

6735

1366,1737

1366.6740

1367.1746

1362 1363
X82_

1004

10232019_SLA5101 22 (0.265)

1363.6736

T
1364
1364,

6726

1364.1724

1365

1365,

1721

1365

1366 1367 1368 1369

1:TOF

6720

1366.1715

1366.6716

1361 1362 1363

1364

1365

1366 1367 1368 1369

Figure 5.41. ESI-MS of [FeCux(L)](BArF)s. Top: calculated isotope pattern for [M-2(BArF)]**
(Ci12H72N14FeCuzB2F4g). Bottom: experimental result.
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Figure 5.43. 3C NMR of [CuzZn(L)](PFe)s in CDsCN.
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Figure 5.44. ESI-MS of [ZnCux(L)](PFs)4. Top: calculated isotope pattern for [M-4(PFe)]**
(C4gH4sN14ZnCu2). Bottom: experimental result.
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Figure 5.45. '"H NMR in CD3;CN of the crude product from the reaction attempting to synthesize
[FeAgz(L)](PF6)4.

189



]

o

. . . . . . . .
85 8.0 75 7.0 6.5 6.0 55 5.0 4.5
1 (ppm)
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Figure 5.47. IR spectra of the cage ligand (green), [Fe(L)](PFs)2 (purple), [FeCuz(L)](PFe)4
(maroon), and [ZnCuz(L)](PFe)s (yellow) (a) from 4000-400 cm™!, (b) 3800-2500 cm™!, (¢) 1800-

1100 cm', (d) 1100-400 cm'.
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Figure 5.48. Thermal ellipsoid drawing of x-ray crystal structure of [Fe(dfb);](PFs)2 showing
atom labels.

Table 5.5. Bond lengths from x-ray crystal structure of [Fe(dfb)s](PFé)>.

Atom Atom Length/A

Fel NI 1.961(4)
Fel NI' 1.961(4)
Fel NI 1.961(4)
Fel NI* 1.961(4)
Fel NI* 1.961(4)
Fel NI® 1.961(4)
ol C6 1.197(7)
NI Cl  1.364(6)
NI C5  1.339(6)
Cl  CI2 1473(10)
cl 2 138107
2 C3 1388(%8)
C3  C4  1.402(8)
C4a C5 137207
C4 C6 1472(08)
Pl FI°  1.601(6)
Pl FI”  1.601(6)
Pl Fl  1.601(6)
Pl F2°  1.562(6)
Pl F27  1.562(6)
Pl F2  1.562(6)
L1/3+y,1/3+x,5/6-z; 22/3-x,1/3-x+y,5/6-z; 31-y,14x-y,+z; *+y-x,1-X,+z; 32/3-y+x,4/3-y,5/6-z; 62-y,1+x-y,+Z;
"+y-x,2-x,+z
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Table 5.6. Bond angles from x-ray crystal structure of [Fe(dfb)3](PFbe)a.

Atom Atom Atom Angle/’
N1 Fel NI 96.08(14)
N1! Fel N12 81.9(2)
N1! Fel NI® 86.0(2)
NI2 Fel NI® 96.08(14)
NI* Fel NI2 86.0(2)
N1 Fel NI3 81.9(2)
N1 Fel NI4 96.08(14)
N14 Fel N13 177.3(3)
N1 Fel NE 86.0(2)
NI* Fel NI 81.9(2)
N1! Fel NI¢ 96.08(14)
NI2 Fel NE 96.08(14)
NI3 Fel NI 96.09(14)
N1 Fel N12 177.3(3)
N1 Fel N1S 177.3(3)
Cl N1 Fel 115.3(3)
Cs N1 Fel 126.8(3)
Cs N1 Cl 117.8(4)
N1 Cl C13 113.7(3)
N1 Cl C2 122.5(5)
2 Cl C13 123.8(3)
Cl C2 C3 118.4(5)
C2 C3 C4 119.5(5)
C3 c4 C6 120.1(5)
Cs c4 C3 118.1(5)
Cs C4 C6 121.9(5)
N1 Cs C4 123.6(5)
o1 C6 C4 124.0(6)
F1° Pl Fl 91.6(4)
F17 Pl F1° 91.6(4)
F17 Pl Fl 91.6(4)
F2 Pl F1’ 88.4(3)
F2° Pl F17 179.6(4)
F’ Pl F1° 88.4(4)
F’ Pl Fl 179.6(4)
F2° Pl F1° 88.9(4)
F2 Pl F1° 179.5(5)
F2 Pl Fl 88.9(4)
F’ Pl F1’ 88.9(4)
F2° Pl Fl 88.4(4)
F2° Pl F2 91.1(4)
F’ Pl F2° 91.1(4)
F’ Pl F2 91.1(4)

193



g

g
®
o
~— '2 —
X
(O]
-
© 4
0
[
2
a 6
<
£
(O]
[@)) Q1
S 8
©
.C
o l l l l l

0 2 4 36 8 10
Time (x10 ps)
Figure 5.49. Ground-state recovery dynamics of [Fe(dfb);](PFs)2 in acetonitrile at room
temperature following excitation at Apump = 530 nm and monitored at Aprobe = 600 nm. The blue
line represents a fit to a single exponential function, yielding T = 1.34 + 0.05 ns. Data were
collected by Hayden Biessel.
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Figure 5.50. Resonance Raman spectra of (a) [Fe(L)](PFs)2 (1) and (b) [FeCu2(L)](PFs)2 in
acetonitrile solution with 488 nm excitation source collected in a spinning cell. The artifact
around 380 nm is due to residual scattering from a CCN bending mode of the solvent. The data
shown have had the solvent background subtracted and a 5 order polynomial baseline
correction. Data were collected in the lab of Professor Denis Proshlyakov with the assistance of
Allison Stettler. Bryan Paulus applied the baseline correction.
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Table 5.7. Bond lengths in A for [FeAg(L)](BF4)1.5(PFs)2.s.

Atom Atom Length/A
Agl N3 2.232(6)
Agl N7 2.273(6)
Agl N1 2.256(6)
Agl NI3 2.445(6)
AglB N4 2.259(5)
AglB N8 2.180(5)
AglB NI2 2.231(6)
AglB  Nl4 2.273(5)
Fel NI 1.980(4)
Fel N2 1.974(5)
Fel N5 1.983(5)
Fel N6 1.994(4)
Fel N9 1.977(5)
Fel N10 1.992(5)
NI c1 1.348(7)
NI cs 1.352(7)
N2 C6 1.360(7)
N2 10 1.343(7)
N3 cl1 1.278(9)
N3 Cl12 1.465(8)
N4 Cl4 1.269(8)
N4 15 1.450(8)
N5 c17 1.335(7)
NS c21 1.362(7)
N6 22 1.362(8)
N6 C26 1.330(8)
N7 C27 1.254(10)
N7 C28 1.466(9)
N8 C30 1.268(8)
N8 C31 1.456(8)
N9 C33 1.336(8)
N9 C37 1.353(8)
N10 C38 1.357(8)
N10 c42 1.340(8)
NIl C43 1.250(10)
NIl C44 1.468(9)
NI2 co1Z 1.251(9)
NI2 C46 1.451(8)
NI13 C13 1.463(11)
NI3 €29 1.464(11)
NI3 C45 1.487(10)
N14 C16 1.504(8)
N14 C32 1.495(8)
N14 c47 1.501(9)
1 C2 1.389(8)
ColZ  C34 1.470(9)
2 c3 1.387(9)
C2 Cl4 1.471(8)
c3 c4 1.379(8)
C4 Cs 1.392(8)
C5 C6 1.472(8)
C6 C7 1.374(9)
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Table 5.7. (cont’d)

Atom Atom Length/A
C7 C8 1.381(8)
C8 €9 1.390(9)
€9 C10 1.387(9)
€9 Cll 1.477(8)
Cl12 C13 1.545(10)
15 Cl16 1.530(8)
C17 C18 1.388(8)
cig C19 1.388(9)
cig C30 1.474(9)
C19 €20 1.392(9)
€20 c21 1.391(8)
c21 22 1.460(9)
2 23 1.391(8)
C23 C24 1.361(10)
C24 C25 1.402(10)
25 €26 1.377(8)
C25 C27 1.486(9)
C28 €29 1.511(12)
31 c32 1.528(10)
C33 C34 1.373(9)
C34 C35 1.38209)
C35 C36 1.366(10)
C36 C37 1.391(9)
C37 C38 1.472(9)
C38 C39 1.397(9)
C39 C40 1.380(11)
C40 c4l 1.367(11)
c4l c42 1.401(8)
c41 C43 1.494(10)
C44 C45 1.534(12)
C46 C47 1.536(9)
P1 F1 1.580(6)
Pl F2 1.579(5)
Pl F3 1.535(6)
Pl F4 1.592(5)
Pl F5 1.567(6)
Pl F6 1.545(6)
P2 F7 1.584(6)
P2 F8 1.588(5)
P2 F9 1.558(5)
P2 F10 1.591(5)
P2 F11 1.594(6)
P2 F12 1.563(5)
P3 FIP 1.545(12)
P3 F2P 1.675(16)
P3 F3P 1.508(9)
P3 F4P 1.10(2)
P3 F5P 1.558(12)
P3 F6P 1.517(18)
B2 F1B 1.4183
B2 F2B 1.4185
B2 F3B 1.4183
B2 F4B 1.4189
F13 Bl 1.364(11)
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Table 5.7. (cont’d)

Atom Atom Length/A
Fl4 BI 1.390(12)
F15 BI 1.269(11)
F16 BI 1.409(10)
NIS CIs 1.124(10)
C1S C28 1.467(12)
N2S 38 1.147(13)
C3S C4S 1.432(16)
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Table 5.8. Bond angles in degrees of [FeAg(L)](BF4)1.5(PF¢)2.s.

Atom Atom Atom Angle/’
N3 Agl N7 117.02)
N3 Agl N11 113.2(2)
N3 Agl N13 76.0(2)
N7 Agl N13 77.2(2)
N1l Agl N7 113.8(3)
N1l Agl N13 75.9(2)
N4 AglB N14 77.74(18)
N8 AglB N4 115.8(2)
N8 AglB  NI2 116.3(2)
N8 AglB  Nl4 79.0(2)
NI12 AglB N4 116.3(2)
NI12 AglB  Nl4 78.8(2)
N1 Fel N5 93.16(18)
N1 Fel N6 172.76(19)
N1 Fel N10 94.61(18)
N2 Fel N1 80.95(19)
N2 Fel N5 95.10(19)
N2 Fel N6 94.87(19)
N2 Fel N9 171.11(18)
N2 Fel N10 92.4(2)
N5 Fel N6 81.27(19)
N5 Fel N10 169.9(2)
N9 Fel N1 93.27(19)
N9 Fel N5 91.95(19)
N9 Fel N6 91.55(19)
N9 Fel N10 81.3(2)
N10 Fel N6 91.46(19)
Cl N1 Fel 126.3(4)
Cl N1 Cs 117.8(5)
Cs N1 Fel 115.6(4)
C6 N2 Fel 115.5(4)
C10 N2 Fel 126.4(4)
C10 N2 Cé6 117.5(5)
Cll N3 Agl 127.5(4)
Cll N3 C12 119.4(6)
C12 N3 Agl 112.8(5)
Cl4 N4 AglB 122.3(4)
Cl4 N4 Cl15 119.3(5)
Cl15 N4 AglB 111.8(4)
C17 N5 Fel 126.1(4)
C17 N5 C21 118.6(5)
C21 N5 Fel 114.7(4)
22 N6 Fel 114.8(4)
C26 N6 Fel 127.1(4)
C26 N6 22 118.0(5)
C27 N7 Agl 128.0(5)
C27 N7 28 120.7(7)
€28 N7 Agl 110.2(5)
C30 N8 AglB 127.1(4)
C30 N8 C31 119.2(5)
C31 N8 AglB 111.3(4)
C33 N9 Fel 126.9(4)
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Table 5.8. (cont’d)

Atom Atom Atom Angle/°
C33 N9 C37 117.5(5)
C37 N9 Fel 115.5(4)
C38 N10 Fel 114.5(4)
C42 N10 Fel 127.4(4)
C42 N10 C38 117.5(5)
C43 N1l Agl 126.5(5)
C43 N1l C44 120.8(6)
C44 N1l Agl 112.2(5)
C01Z N12 AglB 126.1(5)
C01Z N12 C46 120.2(6)
C46 N12 AglB 110.5(4)
C13 N13 Agl 106.4(4)
C13 NI13 C29 113.9(6)
C13 N13 C45 112.3(7)
C29 N13 Agl 104.2(4)
C29 N13 C45 112.4(7)
C45 N13 Agl 106.7(4)
Cl16 N14 AglB 108.6(4)
C32 N14 AglB 106.9(4)
C32 N14 Cl16 111.2(5)
C32 N14 C47 111.8(5)
C47 N14 AglB 107.2(4)
C47 N14 Cl16 110.9(5)
N1 Cl C2 123.3(6)
N12 C01Z C34 120.2(6)
Cl1 C2 Cl4 119.4(5)
C3 C2 Cl 118.2(5)
C3 C2 Cl4 122.3(5)
C4 C3 C2 118.9(5)
C3 C4 C5 119.9(6)
N1 C5 C4 121.6(5)
N1 C5 C6 113.9(5)
C4 C5 C6 124.4(5)
N2 C6 C5 113.6(5)
N2 C6 C7 122.4(5)
C7 C6 C5 124.0(5)
C6 C7 C8 119.9(6)
C7 C8 C9 118.4(6)
C8 C9 Cll1 121.5(6)
C10 C9 C8 118.9(5)
C10 C9 Cll1 119.3(6)
N2 C10 Cc9 122.9(5)
N3 Cll1 Cc9 118.7(6)
N3 C12 C13 109.3(6)
N13 C13 C12 113.0(6)
N4 Cl4 C2 121.0(5)
N4 C15 Cl16 109.5(5)
N14 Cl16 C15 112.0(5)
N5 C17 C18 123.0(5)
C17 C18 C19 118.7(6)
C17 C18 C30 119.4(5)
C19 C18 C30 121.8(5)
C18 C19 C20 118.6(5)
C21 C20 C19 119.7(5)
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Table 5.8. (cont’d)

Atom Atom Atom Angle/°
N5 C21 C20 121.1(5)
N5 C21 C22 114.9(5)
C20 C21 C22 123.9(5)
N6 C22 C21 114.1(5)
N6 C22 C23 121.1(6)
C26 C25 C27 119.3(6)
N6 C26 C25 123.6(6)
N7 C28 C29 111.3(7)
NI13 C29 C28 115.1(6)
N8 C30 C18 118.8(5)
N8 C31 C32 109.1(5)
N14 C32 C31 110.7(5)
N9 C33 C34 124.0(6)
C33 C34 C01Z 119.8(6)
C33 C34 C35 118.0(6)
C35 C34 C01Z 122.0(6)
C36 C35 C34 119.3(6)
C35 C36 C37 119.6(6)
N9 C37 C36 121.5(6)
N9 C37 C38 114.0(6)
C36 C37 C38 124.5(6)
N10 C38 C37 114.4(5)
N10 C38 C39 122.2(6)
C39 C38 C37 123.4(6)
C40 C39 C38 119.1(7)
C41 C40 C39 119.2(6)
C40 C41 C42 119.0(6)
C40 C41 C43 121.8(6)
C42 C41 C43 119.0(7)
N10 C42 C41 122.9(6)
N1l C43 C41 118.5(6)
N1l C44 C45 110.4(7)
N13 C45 C44 111.8(7)
N12 C46 C47 109.1(5)
N14 C47 C46 111.0(6)
F1 P1 F4 90.1(4)

F2 P1 F1 88.7(3)

F2 P1 F4 177.2(3)
F3 P1 F1 179.0(5)
F3 P1 F2 91.8(4)

F3 P1 F4 89.4(4)

F3 P1 F5 89.6(6)

F3 P1 F6 92.5(6)

F5 P1 F1 89.6(5)

F5 P1 F2 89.5(3)

F5 P1 F4 88.1(3)

F6 P1 F1 88.3(5)

F6 P1 F2 90.3(3)

F6 P1 F4 92.1(3)

F6 P1 F5 177.9(6)
F7 P2 F8 89.8(3)

F7 P2 F10 88.4(4)

F7 P2 F11 89.7(4)

200



Table 5.8. (cont’d)

Atom Atom Atom Angle/°
F7 P2 F11 89.7(4)
F8 P2 F10 90.3(3)
F8 P2 F11 89.9(3)
F9 P2 F7 178.8(4)
F9 P2 F8 89.1(3)
F9 P2 F10 92.0(3)
F9 P2 F11 89.9(4)
F9 P2 F12 92.0(3)
F10 P2 F11 178.1(4)
F12 P2 F7 89.2(3)
F12 P2 F8 178.8(3)
F12 P2 F10 90.4(3)
F12 P2 F11 89.4(3)
F1P P3 F2p 75.9(8)
F1P P3 F5P 90.5(9)
F3p P3 F1P 156.5(10)
F3p P3 F2p 85.5(8)
F3p P3 F5P 99.4(8)
F4p P3 F1P 96.7(10)
F4p P3 F2p 167.3(15)
F4p P3 F3p 98.8(10)
F4p P3 F5P 113.3(13)
F4p P3 F6P 95.2(15)
F5P P3 F2p 77.4(9)
F6P P3 F1P 76.0(12)
F6P P3 F2p 73.2(10)
F6P P3 F3p 85.0(9)
F6P P3 F5P 149.8(13)
FIB B2 F2B 109.5
FIB B2 F3B 109.5
FIB B2 F4B 109.4
F2B B2 F4B 109.5
F3B B2 F2B 109.5
F3B B2 F4B 109.4
F13 B1 F14 104.2(8)
F13 B1 Fl16 111.3(8)
F14 B1 Fl16 103.9(7)
F15 B1 F13 111.6(8)
F15 B1 F14 113.9(11)
F15 B1 Fl16 111.5(9)
NIS C1S C28 178.2(10)
N2S C3S C4S8 178.4(12)
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Table 5.9. Torsion angles in degrees of [FeAg(L)](BF4)1.5(PF¢)25.

Atom Atom Atom Atom Angle/’
Agl N3 Cll C9 5.3(8)
Agl N3 C12 Cl13 44.3(7)
Agl N7 C27 €25 10.6(11)
Agl N7 28 €29 41.7(8)
Agl N11 C43 C41 4.0(11)
Agl N11 C44 C45 44.2(9)
Agl N13 Cl13 C12 34.9(7)
Agl N13 €29 €28 36.8(8)
Agl N13 C45 C44 36.1(9)
AglB N4 Cl4 C2 30.1(7)
AglB N4 Cl15 Cl16 39.1(6)
AglB N8 C30 C18 14.2(9)
AglB N8 C31 C32 41.8(6)
AglB NI12 Co1Z C34 17.2(9)
AglB  NI2 C46 C47 41.8(6)
AglB  Nl4 Cl16 Cl15 37.1(6)
AglB  Nl4 C32 C31 38.4(6)
AglB N14 C47 C46 38.9(6)
Fel N1 Cl C2 172.0(4)
Fel N1 Cs C4 177.1(4)
Fel N1 Cs C6 20.6(5)
Fel N2 C6 Cs 7.2(6)
Fel N2 C6 c7 -173.3(4)
Fel N2 C10 C9 168.7(4)
Fel NS5 C17 C18 168.4(4)
Fel NS5 C21 C20 -173.8(4)
Fel N5 C21 22 3.2(6)
Fel N6 22 C21 2.5(6)
Fel N6 C22 C23 178.6(5)
Fel N6 C26 C25 175.9(5)
Fel N9 C33 C34 174.4(4)
Fel N9 C37 C36 -177.9(5)
Fel N9 C37 C38 0.4(6)
Fel N10 C38 C37 6.7(6)
Fel N10 €38 C39 -172.2(5)
Fel N10 C42 C41 168.8(4)
N1 C1 C2 C3 5.7(8)
N1 Cl C2 Cl4 -172.3(5)
N1 Cs C6 N2 ~4.3(6)
N1 Cs C6 c7 176.2(5)
N2 C6 c7 c8 2.8(9)
N3 C12 Cl13 N13 -54.3(9)
N4 C15 Cl6 N14 -51.8(7)
N5 C17 C18 C19 6.2(9)
NS5 C17 C18 C30 -169.4(5)
N5 C21 22 N6 -0.4(7)
NS5 C21 C22 C23 178.4(6)
N6 22 €23 C24 3.3(10)
N7 C28 €29 N13 -55.9(10)
N8 C31 C32 N14 -54.6(7)
N9 C33 C34 Co1Z -171.3(6)
N9 C33 C34 C35 3.9(9)
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Table 5.9. (cont’d)

Atom Atom Atom Atom Angle/°
N9 C37 C38 NI10 -4.7(7)
N9 C37 C38 C39 174.2(6)
N10 C38 C39 C40 0.3(11)
N1l C44 C45 N13 -55.1(11)
N12 C01Z C34 C33 28.1(10)
N12 C01Z C34 C35 -147.0(7)
N12 C46 C47 N14 -55.4(7)
Cl N1 C5 C4 -2.7(7)
Cl N1 C5 C6 173.9(4)
Cl1 C2 C3 C4 -5.2(8)
Cl C2 Cl4 N4 17.7(8)
C01Z N12 C46 C47 -119.3(7)
C01Z C34 C35 C36 172.6(6)
C2 C3 C4 C5 1.1(9)
C3 C2 Cl4 N4 -160.2(6)
C3 C4 C5 N1 3.0(8)
C3 C4 C5 C6 -173.2(5)
C4 C5 C6 N2 172.1(5)
C4 C5 C6 C7 -7.4(8)
C5 N1 Cl C2 -1.8(7)
C5 C6 C7 C8 -177.8(5)
C6 N2 C10 Cc9 -1.9(8)
C6 C7 C8 C9 -0.3(9)
C7 C8 C9 C10 -3.1(9)
C7 C8 C9 Cll1 171.1(6)
C8 C9 C10 N2 4.3(9)
C8 C9 Cl1 N3 -134.0(7)
C10 N2 C6 C5 178.8(5)
C10 N2 C6 C7 -1.7(8)
C10 C9 Cll1 N3 40.2(8)
Cll1 N3 C12 C13 -129.8(7)
Cl1 Cc9 C10 N2 -170.0(5)
C12 N3 Cll1 Cc9 178.4(6)
C13 NI3 C29 C28 152.4(7)
C13 N13 C45 C44 -80.1(9)
Cl4 N4 C15 Cl16 -112.9(6)
Cl4 C2 C3 C4 172.8(5)
C15 N4 Cl4 C2 179.1(5)
Cl16 N14 C32 C31 -80.0(6)
Cl16 N14 C47 C46 157.3(5)
C17 N5 C21 C20 -1.7(8)
C17 N5 C21 C22 175.3(5)
C17 C18 C19 C20 -5.1(9)
C17 C18 C30 N8 37.4(9)
C18 C19 C20 C21 1.0(9)
C19 C18 C30 N8 -138.1(6)
C19 C20 C21 N5 2.5(9)
C19 C20 C21 C22 -174.2(6)
C20 C21 C22 N6 176.5(5)
C20 C21 C22 C23 -4.7(10)
C21 N5 C17 C18 -2.7(8)
C21 C22 C23 C24 -175.4(6)
C22 N6 C26 C25 -0.7(9)

203



Table 5.9. (cont’d)

Atom Atom Atom Atom Angle/°
C22 C23 C24 C25 2.7(10)
C23 C24 C25 C26 -7.3(10)
C23 C24 C25 C27 168.6(7)
C24 C25 C26 N6 6.5(10)
C24 C25 C27 N7 -147.4(8)
C26 N6 C22 C21 174.5(5)
C26 N6 C22 C23 -4.4(9)
C26 C25 C27 N7 28.5(11)
C27 N7 C28 C29 -127.4(8)
C27 C25 C26 N6 -169.5(6)
C28 N7 C27 C25 177.5(7)
C29 N13 Cl13 Cl2 -79.4(8)
C29 NI13 C45 C44 149.9(8)
C30 N8 C31 C32 -121.7(6)
C30 CI18 C19 C20 170.4(6)
C31 N8 C30 C18 174.8(6)
C32 N14 Cl6 C15 154.5(5)
C32 N14 C47 C46 -78.0(7)
C33 N9 C37 C36 -0.9(8)
C33 N9 C37 C38 177.4(5)
C33 C34 C35 C36 -2.6(10)
C34 C35 C36 C37 -0.2(10)
C35 C36 C37 N9 2.1(10)
C35 C36 C37 C38 -176.0(6)
C36 C37 C38 N10 173.5(6)
C36 C37 C38 C39 -7.6(10)
C37 N9 C33 C34 -2.1(8)
C37 C38 C39 C40 -178.5(7)
C38 NI10 C42 C41 -2.1(8)
C38 C39 C40 C41 1.7(11)
C39 C40 C41 C42 -3.8(11)
C39 C40 C41 C43 170.0(7)
C40 C41 C42 N10 4.1(10)
C40 C41 C43 NI1 -131.7(9)
C42 N10 C38 C37 178.8(5)
C42 N10 C38 C39 -0.109)
C42 C41 C43 NI1 42.1(10)
C43 NI1 C44 C45 -128.5(9)
C43 C41 C42 N10 -169.9(6)
C44 NI1 C43 C41 175.7(8)
C45 NI13 C13 Cl12 151.3(6)
C45 NI13 C29 C28 -78.4(9)
C46 NI12 C01Z C34 175.2(6)
C47 N14 Cl6 C15 -80.4(7)
C47 N14 C32 C31 155.4(5)
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Table 5.10. Atomic occupancies for all atoms that are not fully occupied in

[FeAg(L)](BF4)1 5(PFs)s.

Atom Occupancy
Agl 0.7549(9)
AglB 0.2451(9)
P3 0.5
F1P 0.5
F2P 0.5
F3P 0.5
F4P 0.5
F5P 0.5
FoP 0.5
B2 0.5
F1B 0.5
F2B 0.5
F3B 0.5
F4B 0.5

Qc
H

oFe

Qv

Figure 5.51. Numbering scheme in x-ray crystal structure of [Fe(LH)](PFé)-.
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Table 5.11. Bond lengths for [Fe(LH)](PFs)a.

Atom Atom Length/A Atom Atom Length/A

Fel NI' 1976(14) C3 C4 1.34(3)
Fel NI> 1976(14) C4 C5 14702
Fel N1 1976(14) C4 C6 1.51(3)
Fel N2 1973(17) C8 C9 1.52(3)
Fel N2!' 1.973(17) C10 Cl1 1.44(3)
Fel N22 1973(17) Cl1 Cl2 1.2903)
Nl Cl 1372 Cl2 CI3 1.414)
Nl C5 1392 CI13 Cl4 1.4003)
N2 Cl10 136(3) Cl13 CI5 1.50(4)
N2 Cl4 1403) C15 N5A 1.50(3)
N3 C6 1482 Cl6 Cl7 1.55Q3)
N3 €8 1.523) P2 F7 1.63Q3)
N4 C9' 1542 P2 F7P 1.63Q3)
N4 C9* 1542 P2 F8 1.63Q)
N4 C9 1542 P2 F8 1.63Q2)
N6A C17% 1.62(10) P2 F9  1.52(2)
N6A C17' 1.62(10) P2 F9 1.52(2)
N6A C17 1.62(10) Pl F2  1.57(4)
N6A C17A'1.22(9) Pl Fl  1.48(5)
N6A C17A 1.22(8) Pl F3  1.76(4)
N6A C17A%1.22(8) Pl F4 1.67(3)
N5 C15 1473) Pl F5 15703)
N5 Cl6 1.503) Pl F6 1.60(3)
Cl C2 1423) N5A CIl6A 1.73(8)
Cl Cl0 1413) CI16A CI17A 1.51(3)
2 C3  1.400)

206



Table 5.12. Bond angles for [Fe(LH)](PFs)..

Atom Atom Atom Angle/° Atom Atom Atom Angle/°
NI  Fel NI' 956(6) N2 CI10 Cl1 115.1(17)
N1  Fel NI' 956(6) N2 CI10 Cl11 121(2)
NI  Fel NI? 956(6) ClI CI10 Cl1 124(2)
N22 Fel NI? 81.2(7) Cl12 C11 C10 120(2)
N22 Fel NI' 1733(6) CI1 C12 C13 122(2)
N2  Fel NI? 1733(6) CI12 C13 C15 129(2)
N2 Fel NI 81.2(7) Cl14 C13 Cl12 115(2)
N2!  Fel NI 173.3(6) C14 Cl13 C15 116(3)
N2!  Fel NI' 81.2(7) CI13 Cl4 N2 123(2)
N2  Fel NI' 90.6(6) N5 C15 C13 120(4)
N22  Fel NI  90.6(6) N5A C15 C13 100(3)
N2!  Fel NI? 90.6(6) N5 Cl6 C17 116(7)
N2!'  Fel N22 92.808) Cl6 C17 N6A 94(6)
N2  Fel N22 92.808) F7 P2 F7? 163(2)
N2  Fel N2!' 92.808) F8 P2 F7? 83.0(14)
Cl N1 Fel 114.1(14) F8 P2 F7 83.0(14)
Cl N1 C5 121.0(17) F8 P2 F7* 84.8(17)
C5 N1 Fel 1245(13) F8 P2 F7 84.8(17)
Cl10 N2 Fel 114.1(13) F8 P2  F8 89.0(15)
Cl0 N2 Cl14 116.1(19) F9 P2 F7® 93.6(19)
Cl4 N2 Fel 129.4(18) F9 P2 F7 98.7(19)
C6 N3 C8 109.8(15) F9* P2 F7  93.6(19)
C9 N4 C9 107.5(15) F9* P2 F7* 98.7(19)
CcC9 N4 C9' 107.5(15) F9 P2 F8 176.5(17)
C9? N4 C9' 107.5(15) F9 P2 F8& 91.1(12)
C17' N6A C17*> 119.1(12) F9 P2 F8 91.1(12)
C17 N6A C17' 119.1(12) F9* P2 F8  176.5(17)
C17 N6A C17% 119.1(12) F9* P2 F9  89(2)
C17A' N6A C17' 45(5) F2 Pl F3 83(2)
C17A N6A C17' 161(5) F2 Pl F4 178.7(18)
C17A2N6A C17' 74(5) F2 Pl F5 94.7(18)
C17A2N6A C17A!' 118(2) F2 Pl F6 85.0(16)
C17A N6A C17A2?118(2) F1 Pl F2 88(2)
C17A N6A C17A' 118(2) F1 Pl F3 171(2)
CI5 N5 Cl16 126(5) F1 Pl F4 93(2)

Nl Cl1 (2 119(2) F1 Pl F5 84.9(16)
N1 C1 C10 1147(19) F1 P1 F6  91.3(16)
C2 C1 Cl10 1259(18) F4 Pl F3  96.1(18)
C3 c2 Ci 119(2) FS Pl F3 96.7(15)
c4 C3 C2 123(2) FS Pl F4 86.5(17)
C3 C4 C5 117.0(19) F5 P1  F6  176.2(17)
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Table 5.12. (cont’d)

Atom Atom Atom Angle/° Atom Atom Atom Angle/°
C3 C4 Co6 128.7(18) F6 P1  F3  87.0(16)
C5 C4 Co6 1143(17) F6 Pl F4  93.9(16)
NI C5 C4 120.0(19) C15 NSA C16A 106(4)
N3 C6 C4 104.3(16) CI17A C16A NSA 101(7)
N3 C8 C9 106.7(17) N6A Cl17A C16A 136(9)
C8 C9 N4 110.0(18)

208



Table 5.13. Torsion angles for [Fe(LH)](PFs)..

A B C D Angle/ A B C D Angle/°
Fel N1 C1 C2 -1753(14) C8 N3 C6 C4 170.3(16)
Fel N1 C1 C10 6(2) C9' N4 C9 C8 165.4(19)
Fel NI C5 C4 170.4(13) C9* N4 C9 C8 -79(3)
Fel N2 CI10C1 9(2) CI0 N2 C14 C13 -6(4)
Fel N2 C10C11 -175.3(17) C10 Cl1 C2 C3 -179.3(18)
Fel N2 C14 C13 166(2) C10 Cl11 C12 C13 12(5)
N1 CI C2 C3 2(3) Cll Cl12 C13 C14 -19(5)
N1 CI CI10N2 -10(3) Cll Cl12 C13 C15 167(3)
N1 Cl1 C10CI11 174.5(19) C12 CI13 Cl4 N2 16(5)
N2 C10Cl11 C12 -1(4) Cl2 C13 C15 NS5 -1334)
N3 C8 C9 N4 -58(2) Cl2 C13 C15 NS5SA -994)
N5 C16 C17 N6A 65(9) CI3 C15 NS5A C16A 166(5)
Cl N1 C5 C4 -2(3) Cl4 N2 C10 C1 -177.8(19)
Cl C2 C3 C4 303 Cl4 N2 C10 C11 -2(3)

Cl C10C11C12 175(2) Cl4 C13 C15 N5 53(5
C2 C1 CION2 171.6(19) Cl14 C13 C15 NS5A 87(4)
C2 C1 C10Cl11 -4(3) CI5 N5 Cl6 C17 162(6)
C2C3 C4 C5 -7(3) Cl5 C13 C14 N2 -169(3)
C2 C3 C4 C6 172.7(18) C15 N5A C16A C17A 127(6)
C3 C4 C5 N1 6(Q3) Cl6 N5 C15 C13 170(6)
C3 C4 C6 N3 -99(2) C172 N6A C17 Cl6 33(11)
C5 N1 C1 C2 -2(3) C17' N6A C17 Cl6 -166(3)
C5 N1 C1 C10 178.8(16) NSA C16A C17A N6A 44(15)
C5 C4 C6 N3 80(2) C17A' N6A C17A C16A -157(7)
C6 N3 C8 C9 171.9(18) C17A2N6A C17A C16A 48(21)
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Table 5.14. Atomic occupancy for [Fe(LH)](PFé)-.

Atom Occupancy Atom Occupancy Atom Occupancy

N5  0.3333 H5 0.3333 H15A 0.3333
H15B 0.3333 H15C 0.3333 H15D 0.3333
Cl6 0.5 HI6A 0.5 H16B 0.5
C17 0.5 HI7A 0.5 HI7B 0.5
Pl 05 F2 05 F1 0.5
F3 05 F4 05 F5 0.5
F6 0.5 N5SA 0.3333 H5AA 0.3333
C16A 0.5 H16C 0.5 H16D 0.5
CI17A 0.5 H17C 0.5 HI17D 0.5
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Table 5.15. Solvent mask information for [Fe(LH)](PFs)>

Number X Y Z Volume Electron count Content
1 -0.017 0.000 0.750 74.7 25.8 ?
2 0.000 0.250 0.517 74.7 25.9 ?
3 0.000 0.250 0.375 8.9 2.3 ?
4 0.017 0.500 0.750 74.7 25.9 ?
5 0.000 0.750 0.983 74.7 25.8 ?
6 0.000 0.750 0.125 8.9 2.3 ?
7 0.125 0.000 0.750 8.9 2.3 ?
8 0.250 0.483 0.500 74.7 25.9 ?
9 0.250 0.517 0.000 74.7 25.9 ?
10 0.250 0.375 0.000 8.9 2.3 ?
11 0.250 0.625 0.500 8.9 2.3 ?
12 0.375 0.000 0.250 8.9 2.3 ?
13 0.500 0.250 0.483 74.7 25.8 ?
14 0.500 0.750 0.017 74.7 25.9 ?
15 0.483 0.500 0.250 74.7 25.8 ?
16 0.517 0.000 0.250 74.7 25.9 ?
17 0.500 0.250 0.625 8.9 2.3 ?
18 0.500 0.750 0.875 8.9 2.3 ?
19 0.625 0.500 0.250 8.9 2.3 ?
20 0.750 0.017 0.500 74.7 25.9 ?
21 0.750 -0.017 1.000 74.7 25.9 ?
22 0.750 0.125 0.000 8.9 2.3 ?
23 0.750 0.875 0.500 8.9 2.3 ?
24 0.875 0.500 0.750 8.9 2.3 ?
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CHAPTER 6. FUTURE DIRECTIONS
6.1. Introduction

All of the research described in this dissertation has focused on identifying the vibrational
modes coupled to the nuclear coordinate of excited-state evolution in Fe(Il) polypyridyl
complexes, with the ultimate goal of prolonging the lifetime of the MLCT excited state by
disrupting the identified modes through targeted synthetic modification. The culmination of these
efforts was the synthesis and characterization of a low-spin Fe(II) polypyridyl chromophore with
a MLCT excited-state lifetime 20 times longer than that of a closely related Fe(Il) complex,
proving the validity of the proposed approach. In this final chapter, I will provide ideas for research
to confirm and expand upon these results.
6.2. Experimental methods
6.2.1. Synthesis
General synthesis. Unless otherwise noted, all reactions were conducted either using standard
Schlenk techniques or in an inert atmosphere glove box (nitrogen-filled, Vacuum Atmospheres).
Zinc dust was activated by grinding commercially available zinc dust with a mortar and pestle,
washing with 3% HCI, then water, EtOH, and finally Et:O. The activated zinc dust was dried in a
vacuum desiccator and used within 24 h. Anhydrous DMF, acetone, and chloroform were
purchased from Acros Organics. NH4OH refers to aqueous 30% ammonium hydroxide from Jade
Scientific. 6,6’-dibromomethyl-2,2’-bipyridine (6,6’-dbmb),! 5,5’-dibromomethyl-2,2’-bipyridine
(5,5’-dbmb),? p-toluenesulfonamide mono-sodium salt,> and 6,6’-bpy.bpy.bpy* were prepared
according to the literature procedures. Hexamethylenetetramine (HMTA) was recrystallized from
ethanol and thoroughly dried in a vacuum desiccator prior to use. All other chemicals were

purchased from Sigma Aldrich, Acros, or Oakwood Chemical and used as received. Silica gel was
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purchased from Silicycle (Silica Flash 60 A porosity, 40-63um/230-400 mesh). DCM for all
optical measurements was dried over activated alumina under nitrogen and pumped into an inert
atmosphere glovebox. Ground-state absorption measurements of [Fe(1,1’-biisoquinoline)s](BF4)2
were collected on samples prepared in a nitrogen-filled glovebox in an air-free 1 cm quartz cuvette
(FireFlySci).

1,1-biisoquinoline (biq). Prepared from the general procedure given in Tiecco ef al.> A degassed
solution of NiCloe6H>0O (113 mg, 0.48 mmol) and PPh3 (500 mg, 1.9 mmol) in DMF (5 mL) was
stirred at 50°C under nitrogen. Activated Zn dust (31 mg, 0.47 mmol) was added to the deep aqua
blue solution, instantly prompting a color change to yellowish green. This solution was stirred for
1 h, then 1-bromoisoquinoline (100 mg, 0.48 mmol) was added and stirred at 50°C until no more
1-bromoisoquionoline starting material was visible by TLC (Et2O on silica), typically 3 h. The
reaction mixture was poured into 1:1 H>O/NH4OH and extracted into CHCl; (3x10 mL). The
organic fractions were combined, dried with Na;SO4, and the solvent was removed. Purification
was performed by loading the crude product in acetone onto a flash silica gel column. Using Et,O
as the eluent, pure product was obtained as a white solid, 24% yield. X-ray quality crystals were
obtained from slow evaporation of DCM/Et;O from a solution of the purified product. '"H NMR
(500 MHz, CDCl;) 8.71 (d,J=5.7,1 H), 795 (d,J=8.3,1 H), 7.82 (d, J =5.7, 1 H), 7.76 (d, ] =
8.6 Hz, 1 H), 7.71 (t, J = 7.1 Hz, 1 H), 7.49 (t, J = 7.2, 1 H). HRMS (ESI -TOF) m/z: [M+H]"
calc’d for [CisH12N2]** 257.1079 obs. 257.1104.

tris-1,1-biisoquinoline iron(Il) tetrafluoroborate [Fe(biq)3;](BF4):. In a nitrogen-filled
glovebox, biq (58 mg, 0.23 mmol) was dissolved in 1:1 DCM/acetone (5 mL). Fe(BF4)202H>O (18
mg, 0.07 mmol) was dissolved in 1:1 DCM/acetone (2 mL) and added dropwise to the ligand with

rapid stirring, instantly turning yellow, and after 5 min of stirring dark blue. The solution was
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sealed in a pressure tube, taken out of the box, and stirred at 50°C for 12 h. After cooling to room
temperature, the deep blue solution was pumped back into the box, and the solvent was removed.
The blue solid was dissolved in the minimum amount of DCM and Et:O was added until very
cloudy. The blue precipitate was collected via filtration and washed with Et,O. X-ray quality
crystals were grown in the glovebox from Et>O diffusion into DCM solutions of the product. Only
free ligand could be detected by ESI-MS.

Attempted synthesis of [Fe(6,6’-bpy.bpy.bpy)](BF4)2. In a pressure tube in a nitrogen-filled
glovebox, 6,6’-bpy.bpy.bpy (20 mg, 0.03 mmol) was dissolved in DCM (2 mL). A solution of
Fe(BF4)202H>0 (8 mg, 0.03 mmol) in acetone (2 mL) was added dropwise to the ligand with rapid
stirring, causing a color change from yellow to a pale red. The pressure tube was sealed and taken
out of the box to heat at 40°C for 12 h. After pumping the reaction back into the glovebox, enough
Et,0O was added to crash out an orange precipitate, which was collected by filtration. X-ray quality
crystals were grown from ether diffusions into acetone/DCM solutions of the product. '"H NMR
spectrum in acetone-d’ displayed broad signals that were difficult to assign.
5,5’-dimethylamino-2,2’-bipyridine dihydrobromide (dmab). A suspension of 5,5’-dbmb (100
mg, 0.292 mmol) in dry CHCI3 (15 mL) was brought to reflux under N> and stirred until the dbmb
fully dissolved. HMTA (88 mg, 0.63 mmol) was dissolved in dry CHCI3; (10 mL) and added
dropwise to the refluxing solution, leading to the formation of a white suspension. This suspension
was kept at reflux for an additional 3 h and stirred overnight at room temperature. The fine off-
white precipitate was collected via filtration, washed with CHCI3, and dried in a vacuum desiccator
for 12 h. This white powder was suspended in HoO/EtOH/47% HBr (0.86 mL/3.5 mL/0.59 mL)
and brought to 75°C under nitrogen, going into solution at 70°C, and stirred for 20 h. The solvent

was removed and the yellow precipitate was suspended in EtOH (5 mL), filtered, washed with
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EtOH, and dried in a vacuum desiccator, yielding 115 mg (83% yield assuming dihyrobromide
salt) of yellow powder. "TH NMR (500 MHz, D,0) 8.84 (s, 1 H), 8.38 (d, ] =8.27, 1 H), 8.33 (dd,
Ji =186, J, =8.10, 1 H), 4.39 (s, 2 H). HRMS (ESI -TOF) m/z: [M+H]" calc’d for [C12H14N4]"
215.1297 obs. 215.1301.

Attempted synthesis of 5,5’-bpy.bpy.bpy. 5,5’-damb (50 mg, 0.1 mmol) and 5,5’-dbmb (156
mg, 0.2 mmol) were suspended in MeCN (10 mL). Na,COs3 (156 mg, 1.5 mmol) was added, and
the suspension was refluxed under nitrogen for 48 h. After cooling, the suspension was filtered
and the solvent was removed from the filtrate, yielding impure 5,5’-bpy.bpy.bpy. HRMS (ESI -
TOF) m/z: [M+Na]" calc’d for [C3sH31NsNa]" 599.2648 obs. 599.2651.

6.2.2. Physical characterization

X-ray crystal structure determination. Single crystal X-ray diffraction was collected on
[Fe(6,6’-bpy.bpy.bpy)](BF4)2 on a Bruker APEX-II CCD diffractometer with CuK, radiation at
173 K at the Center for Crystallographic Research at Michigan State University. X-ray diffraction
was collected by Dr. Richard Staples on single crystals of [Fe(biq)s](BF4)2 were on a dectris-
CrysAlisPro-abstract goniometer imported dectris images diffractometer at 293 K.
Variable-temperature magnetic susceptibility measurements. Evans method on
[Fe(biq);](BF4)2 were performed in an analogous fashion as described in Chapter 2 of this
dissertation. The only modifications are as follows: Samples were prepared in a nitrogen-filled
glovebox and the solvent used was CD>Cl,.

Nanosecond time-resolved transient absorption spectroscopy. Measurements were conducted
according to the procedures given in Chapter 2 on samples prepared in an Ar-filled glovebox in an

air-free quartz cell (FireFlySci).
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6.3. Results and Discussion
6.3.1. Defining the nuclear coordinate in other Fe(Il) polypyriyl spin-crossover complexes

One of the most pressing questions raised by the results presented in Chapters 2 and 3 is
how generalizable the results obtained on [Fe(2-OMe-phen);]|(BF4)2 and its Ru(Il) analog are to
other Fe(II) complexes. To begin to answer this question, it would be beneficial to investigate other
polypyridyl Fe(Il) SCO complexes, specifically at least one #ris-bidentate complex with 2,2°-
bipyridine-based ligands as well as bis-tridentate ligands. Although some strides have been made
in predicting structural motifs that will lead to SCO complexes,® it is still unadvisable to attempt
to design SCO complexes for the rather arduous investigations that are necessary to define the
nuclear coordinate, as the synthetic effort may not pay off. Therefore, looking into the literature
for Fe(II) SCO complexes with desirable coordination motifs is the most straight-forward route to
identifying promising candidates that can expand the class of SCO complexes with defined nuclear
coordinates. these results in our lab was problematic.

Onggo and Goodwin reported that the #ris-Fe(Il) complex with 1,1’-biisoquinoline (biq)
exhibited temperature-dependent magnetic moments in acetone solution.” However, reproducing
First, the synthetic preparation of biq given by Onggo and Goodwin, a homocoupling of
isoquinoline using LDA and TMEDA, resulted in little to no product formation in my hands.
Instead, the ligand was obtained from a Ni-catalyzed homocoupling of 1-bromoisoquinoline.’
Once the ligand was in hand and the [Fe(biq):](BF4)2 complex was synthesized, however, it
became obvious that there was a bigger issue: the complex rapidly dissociated in an acetone
solution, as characterized by the almost instant color change from dark blue to yellow upon
exposure to acetone in air, the conditions under which the reported magnetic behavior were

collected, calling into question whether or not the reported temperature-dependent magnetic data
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are actually a result of complex degradation. Luckily, the complex is stable in dichloromethane

solutions with the rigorous exclusion of air and water.
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Figure 6.1. X-ray crystal structure of [Fe(biq);](BF4).. Hydrogen atoms, solvent molecules, and
counteranions have been excluded for clarity. (b) Ground-state absorption spectrum of
[Fe(biq)3](BF4)2 in DCM at room temperature. (¢) Variable-temperature magnetic moment of
[Fe(biq)3](BF4)2 in DCM, as measured by Evans method. (d) Nanosecond transient absorption
single-wavelength kinetics of [Fe(biq)3](BF4)2 in DCM at room temperature, monitoring at Aprobe
= 630 nm following excitation at Apump = 660 nm. Red trace is a monoexponential fit, yielding T =
65 ns.
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Despite the unpleasant surprises from [Fe(biq)3;](BF4)2, there were some interesting ones
as well. The single-crystal structure of [Fe(biq)s](BF4)2 reveals that the geometry of the complex
is closest to an ideal octahedron that has been measured by our group (Figure 6.1a), with all Fe- N
bond distances equal at 1.975 A, all trans-N-Fe-N bond angles equal at 177.86°, and an average
cis-N-Fe-N bond angle of 90.01°. In addition, the presumed 'A; — '“*MLCT feature in the ground-
state absorption spectrum of [Fe(biq)3]** is very low in energy, with Amax at 635 nm (Figure 6.1b).
Preliminary magnetic measurements (Figure 6.1c¢) indicated that [Fe(biq)3](BF4): is in fact a spin-
crossover complex in solution, with per dropping from 4.89 at 300 K to 3.31 at 210 K.
Additionally, the ground-state recovery dynamics measured in [Fe(biq);]**, as probed by
monitoring the ground-state bleach at 630 nm following excitation into the MLCT absorption
manifold to yield an excited-state lifetime of 65 ns (Figure 6.1d), are consistent with those expected
for an Fe(Il) spin-crossover complex. So, if absolute care is taken to exclude oxygen and water
during variable-temperature magnetic measurements and transient absorption spectroscopy, this
complex could not only provide nuclear coordinate information on another #ris-bidentate Fe(II)
system, but deliver insight into another complex our group has studied intensely: [Fe(dcpp).]**
(depp = 2,6-di(2-carboxypyridyl)pyridine).

[Fe(depp)2]** was first synthesized with the hopes that obtaining a nearly perfect octahedral
Fe(IT) complex would lower the density of ligand field states available to deactivate the MLCT
excited-state manifold and thus increase the lifetime of the MLCT. Further investigations revealed
that although [Fe(dcpp):2]** is quite symmetric and had a surprisingly low-energy MLCT (Amax of
the absorption feature is 610 nm), no extension in MLCT lifetime was observed.® ! However
variable-temperature transient absorption spectroscopy on ground-state recovery of [Fe(dcpp).]**

found that the process was essentially barrierless, a phenomenon that has not been conclusively
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observed before in a transition metal chromophore.!! Therefore, having a spin-crossover complex
like [Fe(biq)3]*" with a very red-shifted MLCT and symmetric coordination environment, echoing
traits observed in [Fe(dcpp).]**, could help further characterize the interesting electronic and
structural factors at play in both the ground-state recovery and MLCT deactivation dynamics in
[Fe(depp)2]**.

In terms of tridentate ligands that upon bis-coordination lead to Fe(II) spin-crossover

complexes, there are three promising candidates (Figure 6.2). All three [Fe(L)2]*" complexes have

Figure 6.2. Three potential ligands to use to study the nuclear coordinate of tridentate
polypyridyl spin-crossover complexes.

been reported in the literature, and characterized spectroscopically and magnetically to varying
degrees. [Fe(L1)2]*" is the most well-characterized of the proposed complexes, with both variable-
temperature (VT) solution-phase magnetic data and VT-transient absorption spectroscopy with a
subsequent Arrhenius analysis carried out by the Damrauer group.!? Next, Petzold and coworkers
analyzed the linewidths of 'H NMR resonances in solution to describe the spin-crossover
equilibrium in [Fe(L:).]**, however no transient absorption measurements are reported.'* Finally,
only VT ground-state absorption measurements were used to identify [Fe(L3)2]*" as a SCO
complex,'* providing plenty of opportunity to collect new data. Following the synthesis of these
spin-crossover complexes as well as their Ru(Il) analogs, they may be subjected to the same
analysis presented in Chapter 3 to identify the geometric distortions that are coupled to two

segments of the nuclear coordinate of excited-state evolution. With a collection of Fe(Il) SCO
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complexes with defined nuclear coordinates in hand, relationships may become clear between
changes in denticity and which types of geometric motions are kinetically relevant. Furthermore,
increasing the sample size of Fe(Il) SCO complexes studied in this manner will aid the
computational work necessary to codify the identity of the "MLCT — 5T, nuclear coordinate.
6.3.2. Sterically hindered cryptand ligands

The results presented in Chapter 5 on the photophysics of Fe(Il) cage complexes suggest
that the while the ligand employed did perturb the nuclear coordinate for ground-state recovery, it
was not sterically hindering enough to impact MLCT excited-state lifetimes. That ligand could be
synthetically tuned via coordination of Cu(I) atoms into the imine caps flanking the #ris-bpy core

NBS, CCl,, benzoyl peroxide= Br p-toluenesulfonamide

A, 12h Br EtOH, A, 24 h
| S
Br N,
H,S0,, 110° N B
Tos—N N—Tos h >
2 Na,COs, MeCN, A,48 h

— — ~Br

Fe(BF4)2'2H20
acetone, 40°

“6,6-bpy.bpy.bpy”

Figure 6.3. Synthetic route to 6,6’-bpy.bpy.bpy. ligand and attempted Fe(II) complexation.
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of the ligand, however it would be ideal to not be reliant on the coordination of another metal to
disrupt the geometric motions coupled to the MLCT — 5T, transition. Therefore, an alternative
ligand system was explored to investigate whether or not a long-lived MLCT excited state could
be observed in another sterically hindered Fe(Il) polypyridyl complex. 6,6’-bpy.bpy.bpy (Figure
6.3) is another macrocyclic ligand developed by Lehn,! but instead of floppy imine caps to link
together three bipyridine units, they are tethered together with methylene bridged tertiary amines.

The one potential issue with 6,6’-bpy.bpy.bpy is the linkage through the 6,6 -positions of
the bpy moieties, which could be too sterically imposing to form a low-spin Fe(Il) complex, as
even methyl substituents in these positions have been shown to prohibit formation of #ris-Fe(II)
complexes, instead favoring bis-products.” To investigate if 6,6’-bpy.bpy.bpy is able to strike the
balance of being flexible enough to stabilize a low-spin Fe(II) complex but sufficiently rigid to
disrupt motion associated with excited-state evolution, the 6,6’-bpy.bpy.bpy ligand was
synthesized according to the general procedure given by Lehn and coworkers with the
modifications given by Setiz and coworkers (Figure 6.3).* The reaction time for the bromination
of 6,6’-dimethyl-2,2’-bipyridine was increased from the 2 h reported by Lehn to 12 h! to modestly
increase the yield to 18% and no attempts were made to isolate the bromination side products. For
the final Sx2 reaction to prepare the ligand, Lehn reports a dropwise addition of the bicyclic 6,6’-
bpy.bpy precursor to a refluxing solution of 6,6’-dbmb. However, 6,6’-bpy.bpy is quite insoluble
in acetonitrile and hence it was impractical to follow Lehn’s instructions. Instead, following the
procedure given by Seitz and coworkers for the preparation of a deuterated 6,6’-bpy.bpy.bpy,* all
reagents were simply suspended in acetonitrile and brought to reflux for 48 h.

Once the ligand was isolated as the sodium bromide salt, complexation with Fe(Il) was

attempted. This reaction resulted in a pale yellow product with a paramagnetic "H NMR spectrum,
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Figure 6.4. X-ray crystal structure of the product from complexation of 6,6’-bpy.bpy.bpy with
Fe(IT). Counteranions and hydrogen atoms have been removed for clarity.

suggesting a high-spin Fe(II) complex. Indeed, from the crystal structure obtained on a single
crystal of the product (Figure 6.4), the coordination environment of [Fe(6,6’-bpy.bpy.bpy)](BF4)2
is not conducive to a low-spin complex, as Fe(Il) is coordinated to one of the tertiary amines of
the ligand and two water molecules, despite the elevated reaction temperature used for its
formation. An anhydrous Fe(Il) starting material could be used to avoid coordinating water
molecules, however the main issue with 6,6’-bpy.bpy.bpy is that it appears to be too rigid to
coordinate an octahedral Fe(I) in a #ris-bipyridine manner, and a less hindered ligand should be
explored.

Therefore, the synthesis of the 5,5’-analog of 6,6’-bpy.bpy.bpy was pursued, as linking the
bpy units together through their meta-positions should provide a more flexible ligand. However,
the synthesis of 5,5’-bpy.bpy.bpy was not as straightforward as following the route given in Figure
5.3 but starting with 5,5’-dimethyl-2,2’-bipyridine (5,5’-dmb) in place of 6,6’-dmb. The problems
arose when attempting to couple together two equivalents of 5,5’-dbmb to form the bicyclic
product 5,5’-bpy.bpy using p-toluenesulfonamide. The origin of the issue is unclear, but both 'H
NMR and mass spectrometry show no sign of the desired product using this synthetic method. As

this reaction proved difficult to optimize, an alternate approach was investigated (Figure 5.5a),
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where the macrotricyclic ligand is synthesized from one equivalent of 5,5’-di-aminomethyl-2,2’-
bipyridine (damb) and two equivalents of 5,5’-dbmb.

The only published instance of 5,5’-damb reports that the molecule could be made
following the reduction of the corresponding azide using H, gas and Pd/C.!¢ In my hands, this

reaction was highly variable and resulted in the formation of several inseparable side products. So

5,5’-damb

1) HMTA, CHCI3, A3 h
2) HBr/H,O/EtOH

xHBr

Figure 6.5. (a) Proposed synthesis of 5,5’-bpy.bpy.bpy. (b) Synthetic route to prepare 5,5’-
damb. HMTA = hexamethylenetetramine.

instead, I opted for a Delépine reaction from 5,5’-dbmb using hexamethylenetetramine (HMTA),
followed by hydrolysis of the quaternary ammonium salt with hydrobromic acid (Figure 6.5b),
similar to reactions described for the synthesis of 5-aminomethyl-2,2’-bipyridine!” and 6,6’-
damb.* Under these conditions, 5,5’-damb could be cleanly isolated in 83% yield. The final step
for the synthesis of 5,5’-bpy.bpy.bpy has not been optimized, however refluxing a suspension of
one equivalent of 5,5’-damb and two equivalents of 5,5’-dbmb with sodium carbonate in

acetonitrile has led to formation of the desired product, as confirmed by mass spectrometry.
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In these initial reactions, there remains a large excess of unreacted 5,5’-dbmb, even after
refluxing for 48 h. Other unidentified side products have so far stymied the isolation of pure 5,5’-
bpy.bpy.bpy. Despite the obvious need for adjustment of reaction and purification conditions, the
synthetic route in Figure 6.5 has been proven successful for the synthesis of 5,5’-bpy.bpy.bpy.
Complexation of the isolated ligand should be attempted using an Fe(Il) starting material with
noncoordinating anions, such as anhydrous [Fe(BF4)2] or [Fe(MeCN)s](BAr)2,'® in a similarly
noncoordinating solvent like acetone or dichloromethane. If [Fe(5,5’-bpy.bpy.bpy)]*" can be
synthesized to obtain a low-spin #ris-bpy like complex, other closely related ligands could be
prepared to create a series of Fe(II) complexes with systematically decreasing steric hinderance
(Figure 6.6), similar to the series of ligands proposed for 6,6’-substituted bpy.!® These complexes
could be characterized using the full suite of methods discussed in Chapter 5 and have the potential
to better test the limits of the ability of sterically hindered ligands to produce low-spin Fe(II)

complexes with long-lived MLCT excited-state lifetimes.

N\ 7/ \_/ N\ 7/ N\ 7/ N\ 7/ \_7/
Figure 6.6. Proposed series of ligands based off of 5,5’-bpy.bpy.bpy.

6.4.Closing remarks

In the past six years there have been several successes in prolonging the lifetime of the
metal-to-ligand charge transfer excited states in iron-based chromophores. These triumphs may
have changed the narrative of the field: instead of investigating whether or not the MLCT lifetime
can be extended, we are now faced with the challenge of how to best exploit the light-induced

redox activity garnered by the longer-lived MLCT excited state in these earth abundant
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chromophores. Regardless of their application, be it in dye-sensitized solar cells or photoredox
catalysis, there will undoubtedly be a need to identify, define, and control the factors that determine
the photophysical properties of iron(Il) chromophores to tailor and improve their performance. In
this dissertation, I hope to have underscored the importance of not overlooking the utility of
identifying kinetically relevant geometric distortions associated with excited-state evolution in
iron(Il) polypyridyl chromophores, as their definition can inspire targeted synthetic design to

manipulate excited-state dynamics.
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Table 6.1. Bond lengths for [Fe(biq)3](BF4)s.

Atom Atom Length/A Atom Atom Length/A

Fel
Fel
Fel
Fel
Fel
Fel
N1
N1
C3
C3
C4
C8

N1!
N1?
N1
NI1?
N1*
NI1°
Cl
C9
C4
C2
C5
C7

1.975(4)
1.975(4)
1.975(4)
1.975(4)
1.975(4)
1.975(4)
1.349(5)
1.365(5)
1.366(4)
1.425(4)
1.422(5)
1.414(5)

c8 €9 136505
C6 C7  1.425@4)
c6 C5 136205
Cl CI>  1.480(6)
Cl C2 142604
C2 C7 14204
FOOD BOOF 1.360(11)
FOOE BOOF 1.406(12)
BOOF F0OD® 1.360(11)
BOOF FOOE® 1.406(12)
CIAA COAA 1.60(4)
COAA CI1AA7 1.60(4)
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Table 6.2. Bond angles for [Fe(biq);](BF4)2

Atom Atom Atom Angle/° Atom Atom Atom Angle/°

N1! Fel NI2 81.43(19) €9 C8 C7 120.003)
NI* Fel NI 81.43(19) C5 C6 C7 1203(3)
N1! Fel NI* 84.69(16) N1 ~CI  CIS 112.0Q)
NI’ Fel NI* 177.84(16) NI Cl  C2  122.703)
NI’ Fel NI 81.44(19) C2 Cl  CIS 124.9Q)
NI* Fel NI 84.6816) C3 C2 Cl 123.803)
N1! Fel NI} 96.96(13) C7 C2 C3 118.4(3)
N1! Fel NI 96.96(13) C7 C2 Cl 117.403)
NI12 Fel NI® 177.84(16) C8 C7  C6  122.4(3)
N1! Fel NI 177.8516) C8 C7 C2 117.8(3)
NI’ Fel NI} 96.96(13) C2 C7 C6 119.73)
NI12 Fel NI° 84.69(16) C6 C5 C4 120.103)
NI2 Fel NI 9696(13) C8 C9 NI 123.103)
NI12 Fel NI* 96.96(13) F00D® BOOF F00D 110.9(13)
N1* Fel NI 96.95(13) F00D BOOF FOOE 114.3(4)
Cl NI Fel 113.63) F0OD BOOF FOOE® 108.8(4)
C9 NI Fel 1259(3) FOOD® FOOD® BOOF 108.8(4)
C4 C3 C2 12043) FOOE FOOE BOOF 99.5(11)
C3 C4 C5 12093) CIAA7CIAA” COAA 180(3)
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Table 6.3. Torsion angles for [Fe(biq)3](BFa4)a.

A B C D Angle A B C D Angle/
Fel N1 C1 C1!23.4(4) C1'C1 C2C7 176.5(3)
Fel N1 C1 C2 -149.7(3) C1 C2 C7C8 1.54)
Fel N1 C9 C8 156.3(3) C1 C2 C7C6 178.1(3)
N1 C1C2C3 161.83) C2 C3C4C5 -2.3(5)
N1 CI1 C2C7 -11.4(5) C7 C8 CINI -6.5(5)
C3 C4 C5C6 3.3(5) C7 C6 C5C4 -0.3(5)
C3 C2C7C8 -172.03) C5 C6 C7C8 172.8(3)
C3 C2 C7C6 4.6(5) C5 C6 C7C2 -3.6(5)
C4 C3C2C1 -174.7(3) C9 N1 Cl1 C1'-174.9(3)
C4 C3C2C7 -1.7(5) C9 NICIC2 12.1(5)
Cl N1C9C8 -29(5 (€9 C8C7C6 -169.5(3)
CI'C1 C2C3 -10.4(6) C9 C8 C7C2 6.9(5)
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