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ABSTRACT

Iron(IT) polypyridyl chromophores are among one of the most promising earth-abundant
alternatives to ruthenium-based complexes in the realms of photo-redox catalysis and solar energy
harvesting. The biggest hurdle to their implementation is the sub-150 fs metal-to-ligand charge
transfer (MLCT) excited-state lifetime which limits their implementation in diffusion-limited
processes. The main way in which researchers have approached this problem is by attempting to
invert the ligand-field (LF) and MLCT manifolds by increasing the donor ability of the ligands
employed. To better understand the destabilizing nature of the ligands employed, a series of Co(III)
complexes were synthesized as an isoelectronic stand-in for Fe(Il) to measure the LF transitions of
various polypyridyl ligands as well as the first carbene ligand coordinated to Fe(II) to determine the
relevant ligand-field parameters and assess the splitting observed. These results indicate that
polypyridyl complexes do not impose a strong enough LF to destabilize them above the MLCT. To
that end, we synthesized a series of simple bis pyridinium-based polypyridyl ligands with increased
sigma-donor ability compared to the widely used carbene systems, achieving a MLCT lifetime of
18 ps, a 2-fold increase from the first reported tetra-carbene system. A final thrust was to better
understand the unique MLCT manifold of [Fe(dcpp).]** (where depp is 2,6-di(2-
carboxypyridyl)pyridine) using symmetric m-substitutions. With this method, we were able to
synthetically deconvolute the MLCT spectrum and selectively enhance different transitions based
upon the substitution pattern. The computational insights gleaned can now guide new promising

ligands in this family of complexes.
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CHAPTER 1: DIFFICULTIES IN THE UTILIZATION OF IRON(II) CHROMOPHORES
IN LIGHT-INDUCED CHARGE SEPARATED PROCESSES
1.1 Introduction

Global energy consumption continues to increase each year, with a vast majority of the
energy being produced derived from fossil fuels. However, there has been a large push towards
renewable energy sources within the United States and across the world, with the main one being
solar.! Sunlight is an abundant and almost inexhaustible energy source. The amount of energy the
Sun delivers to Earth in 1 hour is equivalent to the amount of energy humans consume annually,
and a full year of irradiation delivers over 1.2 x 10° TW, well surpassing any production or
consumption of energy utilized by the human civilization.? Given the overwhelming pressures put
on the planet by CO: emissions from the combustion of fossil fuels, the necessity to develop and
improve carbon-neutral energy is of the utmost importance, with sunlight being the best candidate.
As chemists, we look to nature for inspiration, and the conversion of solar energy into fuel is all
around us, in the form of photosynthesis. This process allows for the absorption of a photon of
light by chlorophyll, creating a transmembrane potential, to create new chemical bonds in the form
of glucose for the plant to use as food, fuel.> Using these fundamental steps in photosynthesis,
chemists have sought to use light-induced charge-separation to drive organic transformations as
well as to capture solar energy.

Transition metal chromophores are well suited to exploring the fundamentals and
applications of charge-separated excited-states, which typically have strong absorptions in the
visible region of the electromagnetic spectrum. Upon absorption of a photon these molecules can
create a charge-separated state, either a metal-to-ligand or ligand-to-metal charge transfer (MLCT

or LMCT) excited state. A general transition metal chromophore containing polypyridyl ligands is



shown in Figure 1.1. Upon that absorption of a photon, the molecule populates an MLCT excited
state, whereby the metal center is formally oxidized and the polypyridyl ligand is reduced. The
molecule, now in this excited state, is able to access reactivity not present in the ground state. The
metal can now act as an oxidant or the ligand as a reductant allowing for new electron transfer
processes. To manipulate this dual reactivity, the optical and redox properties of these
chromophores can be easily tuned by judicious choice of ligand scaffold allowing for the tailoring
of the chromophore for differing applications, be it electron-transfer to a semiconductor substrate

or to/from organic substrates for photocatalysis.
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Figure 1.1. Scheme showing the metal-to-ligand-charge transfer (MLCT) of a generic transition-
metal polypyridyl chromophore.

The typical metals that come to mind when thinking of solar energy conversion or
photocatalysis are ruthenium and iridium, second- and third-row transition metals. The most
widely and well-studied chromophores of these metals are [Ru(bpy);]** and Ir(ppy)s (where bpy =
2,2'-bipyridine and ppy = 2-phenylpyridine). These complexes possesses a low-spin d® electron
configuration which, upon absorption of a photon of visible light, creates a long-lived and emissive
SMLCT state.*7 As second- and third-row metals they intrinsically possess a higher ligand-field

(LF) strength than the first-row congeners. This allows for the destabilization of the metal-centered



LF excited states making them inaccessible during excited-state evolution. This destabilization
creates a scenario in which the lowest-energy excited state for these complexes is predominantly

SMLCT in character and exhibit lifetimes on the order of microseconds as shown in Figure 1.2.%°
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Figure 1.2. Potential energy surface diagrams and photocycles of [Ru(bpy)s;]** (left) and [Ir(ppy)s]
(right) with their average respective emission time constants from literature in fluid solution.

These long lived excited states coupled with the tunability of the ground- and redox-active states
along with the optical properties has made them amenable for use in various light-capture

10-12

applications including solar energy conversion'’'“and photoredox catalysis by which increasingly

complex organic building blocks can be synthesized.!*1¢
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Figure 1.3. Relative abundance of the chemical elements in Earth’s upper continental from
reference 17.

Though the above metals work markedly well in those applications, a problem begins to
emerge when the light absorbing application becomes materials-intensive. In that case, it now
becomes restrictive in the use of these rare and expensive metals (Figure 1.3)!7 and cheaper more
abundant alternatives would be more favorable. The first-row transition metals on the other hand
have orders of magnitude higher natural crustal abundance, than the second- and third-row metals.
With sights set on utilization of these first-row metals in place of the heavier elements currently
used, there has been a very rapid expansion in the research space towards their implementation.'

Though the abundance of the first-row transition metals is attractive there are fundamental
barriers to their use in many of the applications where ruthenium and iridium have found their
footholds. Unlike the second- and third-row metals, the first-row metals are subject to the
primogenic effect.!®2° This effect is present in all elements for the first occurrence of an angular
moment value, /. For the first transition series, where n=3 and /=2, this causes the radial extension
of the d-orbitals to contract closer to the nucleus due to the absence of a radial node. This in turn
causes a reduction in the overlap between the ligand-based orbitals and the metal 3d-orbitals

leading to an effective decrease in ligand-field splitting, A, or 10Dq, compared to the second- and



third-row metals.? This decreased splitting causes a stabilization of the LF states compared to the
late transition series, changing the nature of the lowest-energy excited state from MLCT in nature
to LF. This typically provides effective deactivation pathways from the charge-transfer states that
are known to undergo electron-transfer to the fairly isolated and shorter-lived metal-centered LF
states, thus hampering their use in light-induced electron transfer processes.

Though this may sound as if the first-row may be less likely to be able to be used in the
applications dominated by ruthenium and iridium, there has been considerable and extremely
promising work to that effect. One of the most explored early transition elements is Cu(I).
Polypyridyl complexes of this element absorb visible light and populate a CT state. Due to Cu(])
being a d'° metal, the possibility of deactivation through low-lying LF states is not possible
creating a long-lived MLCT. This has garnered its use in dye sensitized solar cells (DSSCs) and
photoredox catalysis.?!'"2> Moving from pure polypyridyl complexes, there have been exciting
results in the use of polydentate isocyanide ligands on Mn(I) and Cr(0).2+26 These ions possess a
d® electron configuration and in these new ligand scaffolds have shown emissive MLCT states
with lifetimes on the order of ~1 ns and ~6 ns, respectively, at room temperature.?>?’ There has
also been considerable work in leveraging not just the MLCT but also the LF states of transition
metal complexes for participation in bimolecular electron-transfer processes.? 3!

Another attractive earth-abundant metal that has been investigated is Fe(Il). When placed
in a sufficiently strong LF, the d° ion takes on a low-spin configuration (*A1, 72,®) making it a great
comparison to the valence isoelectronic second-row congener, Ru(I).>> Apart from both
possessing the same !A; ground-state it is well known that the photophysics of these complexes
differ greatly. Comparing [Fe(bpy)s]** and [Ru(bpy)s;]**, it was observed in 1980 by Creutz ef al.

that upon photoexcitation of both complexes into the MLCT manifold, a positive signal was only



observed in transient absorption measurements for [Ru(bpy)s]**, corresponding to the formation
of the bipyridine anion radical (bpy™).>* For [Fe(bpy)s;]**, a negative bleach signal was observed
corresponding to the unity formation of a LF state in less than 10 ps due to the absence of the bpy
" signature.®* Since this observation and the advent of laser systems with sub-picosecond pulses,
the entire photocycle of [Fe(bpy)s;]*" has been studied in great detail.

Similar to [Ru(bpy)s;]**, [Fe(bpy)s]** also absorbs strongly in the visible spectrum and upon
absorption of light excites into a "MLCT manifold which then undergoes ultrafast intersystem
crossing, sub 30 fs, into a SMLCT state.*** From here, the photophysics of the two complexes
begin to diverge. Unlike [Ru(bpy)s]*>" with the lowest-energy excited state being a SMLCT, the
intrinsic LF strength of [Fe(bpy)s3]** is substantially lower with the LF states now below the MLCT
state Figure 1.4.3%%7 Due to the large density of states, deactivation from the '*MLCT manifold to
the lowest-energy excited state, >T», occurs within 150 fs.3¥#! During this deactivation, an
intermediate °T state is sampled but not populated as shown by the Gaffney group.*> The ground-
state is then fully recovered with ~1 ns from the 3T> (25*e,?) LF state.*'*3 Over the years there have
been many attempts to disrupt this photocycle and prolong the MLCT lifetime to create an
instance where Fe(II) behaves like Ru(Il) through: addition of steric bulk, an increased octahedral
coordination environment, and changing denticity of the ligator.**#’ Unfortunately, these attempts,

while creating interesting new complexes, have had little effect on the deactivation of the MLCT.
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Figure 1.4. Calculated energetics and ordering of the ligand-field states of [Fe(bpy);]*" from
reference 38 and the 1-electron picture of the low-spin and high-spin electron configurations.

The prohibitively short lifetime of the *MLCT of Fe(II) polypyridyl chromophores has
impacted their use in many applications that require charge separation, especially in the case of
bimolecular reactivity. Considering that the lifetimes of these chromophores are < 200 fs in the
charge-separated state and the timescale for diffusion is typically on the order of nanoseconds it
would require the extension of the lifetime of the MLCT state by orders of magnitude to be able
to compete with ruthenium-based complexes. It has been shown that despite this short lifetime
select iron-based chromophores are able to inject electrons into a TiO; substrate in use in DSSCs,
though with an extremely low efficiency.*® This low efficiency is again still associated with the
short lifetime of the MLCT state.*>° Other avenues have sought to use the LF excited-states,
typically thought not viable, instead of the MLCT for the use in photocatalysis with promising
results as these states typically persist on the order of nanoseconds.?®°!2 The main hurdle to this

approach is the fairly isolated metal-center, for it to engage in electron-transfer, difficulty in tuning



the LF energetics to match with the organic substrates being used, and the small potential stored
in these states.>3 As the °T» is S = 2 and the ground-state is A1, S = 0, this transition is not emissive
precluding easily measuring the stored potential in these states across complexes as well.

In order to increase the ease of selection of iron-based chromophores for an application,
the *MLCT lifetime must be increased. There are two approaches that can be envisioned for the
extension of the charge-transfer state lifetime: a kinetic approach and an energetic approach. In
essence, the kinetic approach seeks to constrain the geometric distortions that facilitate the ultrafast
deactivation from the MLCT (changes to the nuclear coordinate) whereas the energetic approach
seeks to manipulate the energetic ordering of states so that excited-state landscape more closely
resembles that of the second- and third-row congeners. Our group has recently shown that by
encapsulating the Fe(Il) ion inside a bipyridyl cage (Figure 1.5) that has been capped with Cu(I)-
imines, the MLCT lifetime can be increased 20-fold to 2.6 ps.* Knowing that the deactivation
from the MLCT to the °T, is accompanied by a 0.2 A elongation of the Fe-N bond lengths this
became a molecular motion to target.”>>® This new cage structure effectively constrains the
expansion of the first-coordination sphere (Fe-N bonds) that is associated with formation of the
ST, state thereby slowing its population. This shows promise in leveraging the kinetic approach

for MLCT lifetime extension.



Figure 1.5. Crystal Structure of bipyridyl iron cage with anions and hydrogens removed for clarity.
Thermal ellipsoids are presented at a 50% probability.

The energetic approach has been much more widely applied. Groups across the world have
been attempting to tackle this research question with the main focus being the destabilization of
the LF states with strong-field ligands to produce a *MLCT lowest-energy excited state. Our group
initially pursued this approach utilizing a nearly perfectly octahedral complex, [Fe(dcpp)2]**
(where dcpp is bis(2,6-di(2-carboxypyridyl)pyridine) based upon the work of Schramm et al.
(Figure 1.6a).%>7 The complex exhibited an extremely low energy MLCT transition, but the nearly
perfect octahedral geometry about the Fe(Il) center increased the rate of ground state recovery
leading to a shorter lifetime for the MLCT and T state, 76 fs and 280 ps, respectively. These
dynamics and their analysis are discussed in great detail in the dissertation of Dr. Monica Carey.>®
The use of strong carbon-donors has been pioneered by Warnmark and coworkers (Figure 1.6b).
Through their use of six strongly o-donating carbenes they have been able to achieve a complex
with the lowest-energy excited state being SMLCT in character and a lifetime of 528 ps.> In a
similar vein, the use of cyclometallation has also been explored, but with less appreciable increases
in lifetime than to the carbene approach.®® Another avenue pursued towards MLCT extension has
been called HOMO-inversion (highest occupied molecular orbital). This approach was originally

posited by the Jakubikova group whereby allowing the mixing of the metal drn-orbitals with the



filled p-orbitals of the ligand could create a situation in which the HOMO of the complex is no
longer metal-based but ligand-based allowing for a panchromatic iron complex that could exhibit
more favorable photophysical properties.®! Taking inspiration from this computational study,
Bruan et al. were able to successfully synthesize a new Fe(Il) quinolinyl amido phenanthridine
complex (Figure 1.6¢c) with this strategy where the complex exhibits panchromatic absorption as
well as a record breaking MLCT lifetime of 2.5 ns.%? In this complex, they attribute the long
lifetime not to complete HOMO-inversion, but to an energetic match between the iron dr-orbitals
and ligand m-system leading to intimate mixing with the lone pair on the amido moiety. The
energetic approach therefore shows quite a promising method for prolonging the MLCT lifetime

of iron-based chromophores.

Figure 1.6. Drawings of (a) Octahedral Fe(Il) complex(b) Warnmark and coworkers’ hexacarbene
Fe(Il) complex and (c) The Herbert group’s panchromatic Fe(II) complex exhibiting HOMO-
inversion.

With all the advances that have been made in the synthesis and understanding of Fe(II)
chromophores with extended *MLCT lifetimes, there have been large steps towards using Fe(II)

in applications that have always been dominated by Ru(Il) and Ir(II). Though there is still work

to be done, we are closer now than when the first glimpse of the ultrafast dynamics of iron were

10



observed in 1980. This is in thanks to the ability to modify the energetic landscape of these
chromophores through judicious ligand design.
1.2 Contents of Dissertation

Chapter 2 first summarizes the findings of our 2022 Journal of the American Chemical Society
report®® on the use of electronic absorption spectroscopy of Co(III) polypyridyl complexes and the
observation of ligand-field bands to build a spectrochemical series to better understand the LF
energetics of Co(IIl) and to translate those findings to Fe(II) polypyridyl complexes. Chapter 3
continues the theme of understanding electronic structure through ligand design, but now focuses
on the MLCT manifold of an Fe(II) complex previously synthesized by our group, [Fe(dcpp)2]**,*
and deconvolving the manifold through synthetic design via aromatic substitutions, understanding
the unique structure through computational methods, and extending those findings towards
achieving longer MLCT lifetimes. Chapter 4 attempts to build upon the insights gleaned from our
groups 2021 report in the Journal of the American Chemical Society using a modular approach to
carbenes.®* Therein we were able to maintain the intense and low energy MLCT transition of
polypyridyl ligands while inducing a strong LF through the of use acylic alkylamino carbenes. My
work continues this by investigating new ligand motifs and incorporating new and stronger c-
donors to further destabilize the metal-centered states. Chapter 5 is a culmination of insights gained

from each chapter towards future directions for the individual projects expanded on previously.
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CHAPTER 2: LIGAND-FIELD SPECTROSCOPY OF Co(III) COMPLEXES AND THE
DEVELOPMENT OF A SPECTROCHEMICAL SERIES FOR LOW-SPIN d®* CHARGE-
TRANSFER CHROMOPHORES
2.1 Introduction

The photophysical properties of first-row metal complexes have experienced renewed
interest over the past several years due to the emergent recognition of the value of earth-abundant
alternatives to the more commonly employed second- and third-row transition metal-based
chromophores for a variety of photolytic applications.!> Many of these applications focus on
electron transfer processes, where the absorbed light results in the formation of an excited state
that can facilitate the oxidation or reduction of substrates ranging from semiconductors in the case
of photovoltaics (e.g., dye-sensitized solar cells)*> to organic molecules in the rapidly expanding
field of photoredox catalysis.® Although there are circumstances in which ligand-field excited

states can engage in electron transfer chemistry,””

charge-transfer excited states are more
predisposed toward this type of chemistry due to the fact that light absorption directly results in
the creation of chemical potential in the form of a charge-separated species. While the absorptive
properties of many first-row metal complexes are dominated by intense charge-transfer bands in
much the same way as their second- and third-row congeners, the relative energies of their charge-
transfer and ligand-field-state manifolds are such that ultrafast conversion from the former to the
latter outpaces the desired charge transfer-based chemistry. The origin of this situation can be

linked to the primogenic effect,!

resulting in weaker metal-ligand interactions in the first transition
series relative to other regions of the transition block and impacts a host of physical and

photophysical properties, including the propensity toward photo-induced electron transfer.
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Identification of the nature of this problem has spurred considerable research activity into
finding ways around this situation in order to create new classes of first-row chromophores whose
photophysical properties resemble compounds like [Ru(bpy)s]** and Ir(ppy)s. The most successful
approaches have exploited the strong o-donating characteristics of carbene and isocyanide ligands.
The pioneering example was published by Warnmark and co-workers in 2013,!! but this has since
been followed by and expanded upon through work from a number of groups including Wenger, 2

1415 Herbert,'®!” and Gros'®! to name a few. A less well-developed but

Heinze,!? Bauer,
potentially promising approach of exploiting information from quantum coherence was recently
demonstrated by us,?’ but for both of these research threads the problem ultimately distills down
to synthetic design. Proper synthetic design in turn relies on an understanding of the key parameters
that are needed to create an electronic structure in a first-row metal complex that mimics what is
easily realized in the second and third transition series.

The success achieved with ligand motifs such as N-heterocyclic carbenes derives from the
strong ligand field that these sorts of molecules present to the metal ion. The energetics of charge-
transfer states are more closely aligned with redox potentials (e.g., the oxidation potential of the
metal and reduction potential of the ligand for metal-to-ligand charge-transfer states), so
approaches that target ligand-field strength rely on destabilizing the ligand-field excited states such
that the CT state(s) are the lowest energy excited states of the system. Recent work from our group
suggests that these two factors can be independently controlled,?! but a significant challenge for
achieving this energetic inversion stems from an inability to know in advance the ligand-field
strength required to achieve the desired result. The problem is compounded by the fact that

experimentally assessing ligand-field strengths is difficult if not impossible in most first-row

systems of interest. For example, the spectrum of [Fe(bpy)s]** shown in Figure 2.1 is dominated
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in the mid-visible by an intense feature assigned as a 'A; — 'MLCT transition(s). The molar
absorptivity of this band is on the order of 10,000 M! cm™ — exactly what one wants from the
perspective of light capture — but its large oscillator strength simultaneously prevents an evaluation
of the ligand-field strength associated with 2,2'-bipyridine because the (much weaker) d-d
transitions that inform on ligand-field strength are buried under the MLCT envelope. This is a
conundrum that one is faced with across the first transition series, i.e., ligands that facilitate the
realization of intense absorption cross-sections for light harvesting are at the same time obscuring

certain features necessary to assess their ability to leverage that stored chemical potential.

Wavelength (nm)
360 400 500 600 700 800

n
22

Energy (em™)

Figure 2.1. Electronic absorption spectra of [Fe(bpy)s;](PFs)2 (black) and [Co(bpy)s](PFs)2 (blue)
in CH3CN. The plots reveal the significant difference in the optical characteristics of these
isoelectronic species due to the change in character of the charge-transfer band from the MLCT in
the case of Fe(Il) to the LMCT in the case of Co(III).

The question of how to gauge ligand-field strength with an eye toward application-driven
synthetic design is not new. Indeed, this issue was studied extensively in the area of spin-crossover

chemistry, where the goal was to design systems whose ligand-field strength was comparable to

the spin-pairing energy such that variations in temperature could drive interconversion between
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the low-spin and high-spin forms of a given compound.?>* A successful approach along these
lines in the case of Fe(Il) spin-crossover systems was to examine isoelectronic Co(IIT) analogs.?*
The change in character of the charge-transfer band from MLCT in the case of Fe(Il) to LMCT for
Co(III) contributes to a dramatic blue-shift of this absorption feature into the near-ultraviolet
(Figure 2.1, blue line), thereby allowing the lower intensity d-d bands in the visible region of the
spectrum to be revealed.

In this report, we have used this same approach to create a strategy for developing what
amounts to a spectrochemical series for charge-transfer complexes of six-coordinate d° first-row
metal complexes. Specifically, the synthesis and spectroscopic characterization of a range of
Co(IIT) complexes has allowed us to determine all of the relevant ligand-field parameters that
define these ligand systems; the observation of spin-forbidden bands has furthermore provided the
necessary information to specify values not just for 10 Dq — the ligand field-splitting parameter —
but also independent values for other terms relevant to excited-state electronic structure. To our
knowledge, these results provide the first experimental insights into the relative ligand-field
strengths of commonly used ligands to effect light absorption by transition metal-based charge-
transfer states and, we believe, will contribute to the realization of a roadmap for synthetic design
of photofunctional chromophores based on first-row transition metal ions.

2.2 Experimental

2.2.1 Synthesis

General. All reaction and spectroscopic solvents were obtained from Sigma Aldrich Chemical Co.
and used without further purification unless otherwise stated. Dry THF, MeCN, and DCM were
obtained from a Solvtek solvent drying system. 2,2'-bipyridine (bpy), 4,4’-dimethyl-2,2'-

bipyridine (4,4'-dmb), 5,5'-dimethyl-2,2'-bipyridine (5,5'-dmb), and 4,4'-di(tert-butyl)-2,2'-
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bipyridine (dtb), 4,4’-dimethoxy-2,2"-bipyridine (OMezbpy) were obtained from Oakwood
Chemicals. 2,2":6',2"-terpyridine (tpy) and elemental bromine were obtained from Sigma Aldrich.
4,4'-dibromo-2,2'-bipyridine (Br:bpy) was obtained from Ambeed. Co(ClO4)2°6H,O and
anhydrous CoBr2 were obtained from Alfa Aesar. CoCl2*6H,0 was obtained from Spectrum
Chemical. NOPFs was obtained from Acros Organics. NMR spectra were collected in the Max T.
Rogers NMR Facility of Michigan State University on an Agilent 500 MHz spectrometer; spectra
were referenced internally to the residual solvent peak. Elemental analyses were performed by
Midwest Micro Labs. 4,4'-diethylester-2,2"-bipyridine (deeb),>¢ 4,4’-dichloro-2,2'-bipyridine
(Cl-bpy),””  3,3'-(pyridine-2,6-diyl)bis(1-methyl-1H-3-imidazolium)  hexafluorophosphate
([BMImPyH](PF¢)2),2®  [Co(NH3)s]Cl3,2  [Co(en)3]Cl3,>°  [Co(bpy)3](PFe)s3,>!  [Co(4,4'-
dmb)3](PFe)s, [Co(5,5"-dmb)3](PFe)s, [Co(phen)s](PFs)3,*! [Co(dtb)s](PFe)s,!
[Co(terpy)2](PFs)3,>* [Co(Cl-bpy)s](PFs)3,** and [Co(OMe-bpy)s](PFs):*> were all prepared by
literature methods.

tris-(4,4'-diethylester-2,2'-bipyiridine)cobalt(Il) hexafluorophosphate, (|Co(deeb)3](C104)>).
Care should be taken as metal perchlorates are potentially explosive. An amount of 0.400 g of
deeb (1.3 mmol, 3.3 eq) was dissolved in 30 mL of CHCls. A solution of 0.147 g of
Co(ClO4)226H>0 (0.40 mmol, 1.0 eq) in 15 mL of acetone was added dropwise producing an
orange solution. The solution was stirred overnight at room temperature; during the course of the
reaction a precipitate formed. The reaction mixture was filtered and washed with CHCI3; and
diethyl ether. The yellow solid was dried under vacuum. The complex was used without further
purification. Yield: 0.329 g (72%).

tris-(4,4'-diethylester-2,2'-bipyiridine)cobalt(IIT) hexafluorophosphate ([Co(deeb)s](PFs)3).

An amount of 0.300 g of [Co(deeb);](C1O4)2 (0.26 mmol, 1.0 eq) were dissolved in 20 mL of dry
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CH>Cl and 53 mg of solid NOPFs (0.31 mmol, 1.2 eq) were added. The reaction stirred vigorously
under N> for 2 h. The dark solution slowly became cloudy with a yellow precipitate. The
dichrloromethane was evaporated and the complex was dissolved in minimal MeCN and excess
NH4PF¢ was added and it stirred for 30 min. Diethyl ether was added to crash out a pale yellow
solid. It was filtered and washed with H>O, EtOH, and diethyl ether and dried under vacuum. It
was recrystallized by slow diffusion of diethyl ether into an acetonitrile/ethanol solution.. Yield:
0.253 g (70%). Anal. Calcd. (Found) for C4sH4sCoF1sN6O12P3: C, 41.43 (40.98); H, 3.47 (3.52); N
6.03 (5.76). 'TH NMR (500 MHz, acetone-ds): 6 9.66 (d, J=1.9 Hz, 2H), 8.25 (dd, J=6.1, 1.9 Hz,
2H), 8.16 (d, J/=6.0 Hz, 2H), 4.48 (q, J= 7.2 Hz, 4H), 1.36 (t, J/=6.9 Hz, 6H).

Tris(4,4'-dipyrrolidinyl-2,2’-bipyridine)cobalt(I1I) hexafluorophosphate ([Co(pyrro-
bpy)s](PFs)3). Starting from [Co(Cl-bpy)s](PFs)s, 0.266 g (0.230 mmol, 1.00 eq) were suspended
in 30 mL of dry still methanol and 300 puL of pyrrolidine (3.6 mmol, 16 eq) were added. The
solution instantly changed colors from yellow to red-orange and the solution was heated overnight
under N». Once at reflux, 1-2 mL of MeCN were added to aid solubilization. The solution was
cooled to room temperature and 0.371 g of NH4PFs (2.30 mmol, 10.0 eq) were added and stirred
for 30 min. The solvent was removed and the residue was suspended in 50 mL of water and vacuum
filtered. The orange solid was washed with H>O (6 x 30 mL) and diethyl ether until a powder
formed. The solid was dried under vacuum. It was recrystallized by slow diffusion of diethyl ether
into an acetone/methanol solution. Yield: 0.221 g (70%). Anal. Calcd. (Found) for
Cs4HesCoF1sN12P3: C, 47.10 (47.15); H, 4.83 (4.61); N 12.21 (11.81). 'H NMR (500 MHz,
acetone-ds): 0 7.8 (d, J/=2.8 Hz, 2H), 6.98 (d, J/=7.1 Hz, 2H), 6.80 (dd, J=7.2, 2.8 Hz, 2H), 3.62

(m, 4H), 3.47 (m, 4H), 2.09 (m, 8H).
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Tris(4,4'-dibromo-2,2’-bipyridine)cobalt(Il) hexafluorophosphate, ([Co(Br:bpy);]|(PFs)2). To
a round-bottom flask containing 60 mL of CH3CN was added 977 mg of Br2bpy (3.0 mmol, 3.0
equiv.). A 15 mL aqueous solution of 238 mg of CoCl,*6H>0O (1.0 mmol, 1.0 equiv.) was added
slowly to the suspension, affording an orange mixture. The suspension was heated to 70 °C for 1
hour after which an orange solution formed. A saturated aqueous solution of KPF¢ was added to
the hot solution causing precipitation of a pale solid. The solid was filtered and washed with H.O
(3 x 20 mL), MeOH (3 x 20 mL), and Et;O. The complex was crystallized by slow diffusion of
Et;0 into a saturated CH3CN solution of the complex. The complex was used in the next step
without further purification. Yield: 1.006 g (78%). 'H NMR (CDsCN, 500 MHz): & = 90.51 (s),
81.20 (s), 42.62 (s).

Tris(4,4'-dibromo-2,2’-bipyridine)cobalt(IIT) hexafluorophosphate, (|Co(Br:bpy)s](PFs)s).
In a round-bottom flask 1.000 g of [Co(Br2bpy)3](PFs)2 (0.77 mmol, 1 equiv.) was suspended in
10 mL of H2O. To this, 10 mL of H>O saturated with 8 drops of Br> were added. The bright orange
suspension stirred for 18 hours at room temperature shielded from light. To the suspension was
added 1.255 g of NH4PF¢ (7.7 mmol, 10 equiv.) and it stirred for 30 minutes. The solid was filtered
and washed with H>O, MeOH, and Et;0 to afford a pale yellow solid. The solid was recrystallized
twice by diffusion of Et>0 into a saturated CH3CN solution affording X-ray quality single crystals.
Yield: 1.050 g (95%). Anal. Calcd. (Found) for C30Hi1sNeBrsCoFisP3: C, 25.10 (25.13); H, 1.26
(1.45); N, 5.85 (5.98). '"H NMR (CDsCN, 500 MHz): 8.90 (d, J = 2.2 Hz, 6H), 7.95 (dd, J = 6.4,
2.2 Hz, 6H), 7.11 (d, J = 6.4 Hz, 6H).
bis(2,6-di(3-methylimidazol-1-ylidene)pyridine)cobalt(IlT) hexafluorophosphate,
([Co(BMImPy),](PFs)3). The complex was synthesized using a modified literature procedure.!”

To a suspension of 2.00 g [BMImPy](PF¢). (3.76 mmol, 2.00 eq) in 100 mL of dry THF, 1.322 ¢
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of LIHMDS (7.90 mmol, 4.20 eq) in 20 mL of dry THF was added dropwise at -78°C under
nitrogen. The suspension stirred for 1 hour at this temperature affording a clear red-orange
solution. A solution of 0.411 g of anhydrous CoBr> (1.88 mmol, 1.00 eq) in 40 mL dry THF was
added dropwise over 10 minutes at -78°C and stirred for an additional 2 hours at this temperature.
The reaction warmed to room temperature overnight affording a dark green solution. The dark
solution was saturated with air for 45 minutes to effect oxidization of Co(II) to Co(III), affording
a light brown suspension. The solvent was removed in vacuo and the crude was dissolved in
acetone and the solution was filtered to remove any insoluble material. The filtrate was
concentrated slightly and a saturated solution of KPF¢.q) was added to precipitate the complex.
The solid was filtered and washed with water and diethyl ether. The crude was recrystallized twice
by slow diffusion of diethyl ether into acetonitrile, columned twice on Sephadex LH-20 with 70%
acetone/H>O, and recrystallized again by slow diffusion of diethyl ether into an acetonitrile
solution. Yield: 0.652 g (37%). Anal. Calcd. (Found) for C2sH26CoF1sN10P3: C, 32.12 (32.01); H,
2.69 (2.83); N, 14.40 (14.14). 'H NMR (500 MHz, acetone-ds): & 8.61 (t, J= 8.3 Hz, 2H), 8.61 (d,
J=2.1 Hz, 4H), 8.47 (d, J= 8.3 Hz, 4H), 7.58 (d, J= 2.1 Hz, 4H), 3.09 (s, 12H).

2.2.2 Physical Characterization

Electronic Absorption Spectroscopy. All electronic absorption spectra were acquired on a
double beam Perkin-Elmer Lambda 1050 spectrophotometer. Spin-allowed transitions were
measured in matched 1 cm-pathlength quartz cells at a concentration of ~6 mM, whereas spin-
forbidden transitions were measured in a 10 cm-pathlength quartz cell at concentrations of ~20
mM; for the latter, divergence of the light beam through the longer pathlength cell necessitated a
manual subtraction of the solvent blank. Spectra for hexafluorophosphate salts were measured in

spectroscopic grade CH3CN, whereas the chloride salts of [Co(en)s]** and [Co(NH3)s]*" were
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measured in spectroscopic grade H>O. Gaussian deconvolution was performed on each spectrum
using IgorPro to accurately determine transition energies and molar absorptivities.

X-Ray Crystallography. Crystals of appropriate size were selected and mounted on a nylon loop
with paratone oil on a XtaLAB Synergy, Dualflex, HyPix diffractometer. The crystals were kept
at a steady 7' = 100.0(2) K during data collection. The structures were solved with the ShelXT3®
solution program using intrinsic phasing and by using Olex2 1.3%7 as the graphical interface. The
model was refined with ShelXL 2018/3% using full matrix least squares minimization on F2.

One crystal, [Co(deeb)3](PFs)3, was collected using a Bruker CCD (charge coupled device)
based diffractometer equipped with an Oxford Cryostream low-temperature apparatus operating
at 173 K. The total number of images was based on results from the program COSMO?*° where
redundancy was expected to be 4.0 and completeness of 100% out to 0.83 A. Cell parameters were
retrieved using APEX I1*° software and refined using SAINT on all observed reflections. Data
reduction was performed using the SAINT software*! which corrects for Lp. Scaling and
absorption corrections were applied using SADABS*? multi-scan technique, supplied by George
Sheldrick. The solution and refinement were carried out using the same programs as the previous
crystals.

2.3 Results and Discussion

The goal of this study was an evaluation of the ligand-field strength of ligands that are
commonly employed to create charge-transfer absorption features in first-row, d® metal complexes.
The challenge lies in the combined influence of the relative intensities of charge-transfer versus
ligand-field transitions and their spectral overlap, obfuscating any meaningful experimental
assessment of ligand-field strength in this class of chromophores. As indicated above, our approach

takes inspiration from work in the 1970s and 1980s on spin-crossover complexes, in which
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isoelectronic Co(IIl) complexes were used as surrogates for the Fe(Il) compounds of interest.?*
Whereas the visible spectra of most Fe(II) complexes containing aromatic ligands are dominated
by metal-to-ligand charge-transfer (MLCT) transitions, the ligand-to-metal charge-transfer
(LMCT) nature of transitions for Co(Ill) coupled with the increased potentials associated with
reduction of Co(III) and oxidation of the aromatic ligands results in a substantial shift of the LMCT
feature(s) to higher energy; in most cases, these bands now appear in the near-ultraviolet. This
essentially opens up the visible region of the spectrum to where the much lower intensity ligand-
field absorptions are now readily observable. This is illustrated in Figure 2.2 which shows the
ground-state absorption spectrum of [Co(bpy)s3]** acquired in CH3CN solution. The red edge of
the LMCT band, whose maximum is at 319 nm in the ultraviolet, can be seen tailing into the blue
region of the spectrum. A pronounced shoulder evident on the low-energy portion of this band is
easily resolved upon Gaussian deconvolution of the spectrum as a broad feature centered near 460
nm; it's molar absorptivity of ~60 M™! cm™! is consistent with an assignment as a spin-allowed,

Laporte-forbidden d-d band.
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Figure 2.2. Electronic absorption spectrum of [Co(bpy)s](PFs)2 in CH3CN solution, highlighting
the ligand-field transitions in the visible region. The blue solid lines show the result of Gaussian
deconvolution of the spectrum using the minimum number of components required to fit the
experimental spectrum. In the inset is plotted the spectrum obtained at A > 550 nm obtained at a
higher solute concentration in a 10 cm pathlength cell. The measured molar absorptivities of ca.
1 M-'em! indicates that these are spin-forbidden.

Substantially increasing the concentration of the solution and employing 10 cm pathlength
optical cells allowed us to further observe one extremely weak but cleanly resolved absorption
feature red of 700 nm, as well as a small inflection at higher energy that appears as a shoulder on
the low-energy tail of the spin-allowed d-d band (Figure 2.2, inset). Gaussian deconvolution
revealed two broad absorption bands centered at 720 nm and 575 nm, each with molar
absorptivities of ~1 M™! cm! suggesting spin-forbidden origins for both transitions. The intensities
and relative proximities of these three features thus allow for straightforward assignments of 'A;
— 3Ty, 'A1 — 3T», and 'A; — T for the bands at 730 nm, 575 nm, and 460 nm, respectively.

With these assignments it now becomes possible to determine values for 10 Dq and the

Racah B and C parameters, which will serve to define the energetics of the entire excited ligand

field-state manifold of the compound. As a reminder, these three parameters have their origins in
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formalisms first developed by Bethe*? and expanded upon by many researchers over the years but
most significantly by Condon and Shortley,** Racah,* Jorgensen,*® Ballhausen,*’ Griffith,*® and,
of course, Tanabe and Sugano.*>->* A perturbative treatment of electronic structure in the transition
block can start from either an infinitely strong field, in which interelectronic repulsions are
neglected and a hydrogen-like, one-electron picture can be invoked, or an infinitely weak field in
which the dominant influence of electron-electron repulsion leads to a breakdown of the one-
electron picture and the need to employ multielectronic terms states for describing electronic
structure. Most molecules lie somewhere between these two extremes, but the more ionic nature
of bonding in the first transition series (relative to the second- and third-row) places these systems
closer to the free-ion limit even in cases where the strength of the ligand field is sufficient to yield
a low-spin ground state. Accordingly, primary consideration of electron-electron repulsion and the
use of multielectronic term states is the lens through which the electronic structures of such
compounds - including the Co(IIl) complexes we are considering herein - must be viewed.
Following the excellent discussion of this topic by Schmidtke,’' parameterization of the
electron-electron repulsion terms breaks the problem up into a series of integrals that are grouped
together according to the approach outlined by Condon and Shortley.** In the limit of spherical
symmetry (i.e., free ion), the analysis reduces to a set of integrals describing the radial part of the

orbital wavefunction (Ra(r)) having the general form

(00] ke [ee] ke
Fé = [ fo? RZ (r) rridry + [ RE () o ridn | RE (oyrfdr - (2.1)

Tk T
where symmetry restrictions limit the non-vanishing terms to even values of k (i.e., 0, 2, 4, etc.);
the magnitudes of the integrals decrease with increasing k (so, F® > F2 > F4, etc.) with only the first
three terms being relevant for a d orbital-based configuration. For numerical convenience, new

terms Fy are usually introduced wherein

29



F, = = F? (2.2a)
and

F4 = — F4 (2.2b)

441

A more widely familiar (and arguably more useful) formalism was introduced by Racah who

defined three terms based on the Condon-Shortley parameters as shown in eq 3:

A = Fo-49F, (2.3a)
B =TF-5F, (2.3b)
C = 35F, (2.3¢)

Since electron-electron repulsion integrals must be positive in terms of their magnitude (i.e.,

electron-electron repulsions are destabilizing interactions), it follows from eqs 2.3a and 2.3b that

Fo > 49F, (2.4a)

F, > 5F, (2.4b)
and, in general,

C > B (2.4¢)

The A term is common to all term state energy expressions of a given configuration and therefore
cancels when assessing energy differences between states (e.g., a spectroscopic transition): given
this, the utility of the Racah parameters lies in the fact that transitions between states corresponding
to the highest value of S for a given configuration will only be a function of B, which greatly
simplifies the analysis of absorption spectra in the weak-field limit.

Integrals of the form in eq 2.1 are rarely solved in practice, rather, the formalisms
represented by eqs 2.2 and 2.3 are used to empirically fit experimentally measured absorption
spectra. There are two approaches that can be pursued: 1) full-matrix diagonalization of the

determinant representing the multielectronic term states of, in the case of Co(Ill), the d°
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configuration using an operator of the appropriate field symmetry (e.g., On), or 2) approximating
this determinant by using only the diagonal terms. The latter amounts to assuming an infinitely
strong ligand field with a solution that corresponds to solving a series a linearly independent
equations based on the expressions derived by Tanabe and Sugano;*->° for the four transitions of

a d®ion in O symmetry we will be considering herein, these are:

AE ('T-'A)) = 10Dq + 16B - C (2.5a)
AE ('T;-'A)) = 10Dq - C (2.5b)
AE CT,-'A1) = 10Dq + 8B - 3C (2.5¢)
AE CT; - 'A;) = 10Dq - 3C (2.5d)

Following this second, more commonly employed approach, the assignments of the bands for
[Co(bpy)s]** corresponding to eqs 2.5b through 2.5d affords values of 25,860 cm™!, 440 cm™!, and
4050 cm! for 10Dq, B, and C, respectively. Full-matrix diagonalization, which allows for mixing
among the various term states, is most conveniently done using Bendix's program, LIGFIELD.>?
The corresponding values obtained for [Co(bpy)3]** using this approach are 24,490 cm™!, 520 cm-
!, and 3880 cm!. The similarity between the two results indicates that the degree of off-diagonal
mixing involving the three lowest-energy excited states of [Co(bpy)3]** is relatively low. A Tanabe-
Sugano diagram specific for [Co(bpy):]*" based on our spectroscopic data and full-matrix

diagonalization analysis is shown in Figure 2.3.
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Figure 2.3. Tanabe-Sugano diagram for a d® O symmetry metal complex. The black dashed line
corresponds to the position for [Co(bpy)s]** based on the experimentally determined values of
10 Dq, Racah B, and Racah C parameters shown in the inset.

A more detailed understanding of what these parameters tell us concerning the ligand-field
strength of 2,2'-bipyridine - and more importantly what factors are critical in terms of ligand design
for modulating the ligand-field strength - can be achieved by examining a series of compounds in
which systematic changes in the composition of the ligand are correlated with changes in the
ligand-field strength as gauged from their optical properties. We therefore undertook the synthesis
of a series of Co(IIl) complexes consisting of (a) polypyridyl ligands with various substituents at
the para and meta positions of the pyridine rings, representing differing types of perturbations
(e.g., o donating, w accepting, etc.), (b) carbene-based ligands, reflecting current trends in research

on Fe(Il)-based chromophores through the use of strongly o-donating ligands, and (c) several
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"classic" Co(IIl) coordination complexes (e.g., [Co(NH3)s]*") in order to provide a baseline for

comparisons across the series (Figure 2.4).
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Figure 2.4. Drawings of several of the compounds prepared for the creation of a spectrochemical
series of low-spin, six-coordinate, Co(IIl) complexes.

2.3.1 Synthesis and Structures of [Co(deeb)s;](PFs)s, [Co(pyrro-bpy)s](PFs)s3, —and
[Co(BMeImPy),](PFs)3

Many of the compounds we prepared for this expanded assessment of the optical properties of
Co(III) complexes are well known in the literature, but three of the compounds are new. In the case
of [Co(deeb)s](PFe)s, literature methods were used for the preparation of the ethyl ester ligand
which was then coordinated to cobalt(Il) in a mixed solvent system of CHCI3 and acetone; due to
the lability of cobalt(Il) and the weaker coordination of electron deficient bipyridyl ligands, this
solvent system was chosen in order to minimize the formation of stable solvent species. Under
these conditions, [Co(deeb)3](ClO4)> begins to precipitate as the reaction proceeds toward

completion, leaving behind unreacted ligand in solution and allowing for facile isolation of the
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metal complex. The compound is surprisingly soluble in CH,Cl», so oxidation of [Co(deeb);]**
was achieved by addition of NOPFs to the solution. As oxidation proceeds, [Co(deeb)s]**
precipitates from CH2Clz as a mixed ClO47/PFs salt which can be fully converted to the desired
PFs salt using an aqueous saturated solution of KPFs.

The synthesis of [Co(pyrro-bpy)s]*>* has been previously reported but we were unable to
find any reference to the Co(IIl) form. The Co(II) complex was originally synthesized using the
pre-formed pyrro-bpy ligand and complexing to Co(II), however, we developed an alternate route
for the formation of the Co(IIl) complex due to concerns about side reactions associated with the
pyrrolidinyl nitrogen during oxidation from Co(II) to Co(III). We therefore prepared [Co(4,4'-Cl»-
bpy)s]** as a starting point. The Co(III) center activates the 4 and 4’ positions on the bpy backbone
for substitution by the pyrrolidine as evidenced by the immediate color change from yellow to
orange upon addition of the pyrrolidine to a methanolic solution of the [Co(4,4'-Cl>-bpy)3]**. Due
to the formation of HCI in the substitution reaction, a slight excess of pyrrolidine was used to
ensure that all the pyrrolidinyl nitrogen atoms were deprotonated in the isolated complex.

The synthesis of [Co(BMImPy),](PFs)s started with deprotonation of the carbene ligand
using LiIHMDS at low temperature. Addition of anhydrous CoBr initiated the formation of the
desired Co(II) complex, which manifested as a dark green solution as the reaction mixture was
slowly warmed to room temperature. Due to the strong 6-donation from the carbene, the complex
was easily oxidized to Co(III) by simply bubbling air into the solution, whereupon the dark green
solution slowly changed to a light brown and began to precipitate as the oxidation proceeded. The
overall reaction was not as clean as for the other two compounds, as purification required two
initial recrystallizations to remove a dark, slightly tacky material which then allowed for better

separation on a Sephadex LH-20 size-exclusion column. Two bands — the first dark yellow in color
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and the second also yellow but less intense — moved closely together on the column. The first
eluent contained the desired compound but also contained unidentified impurities, while the
second contained a more highly purified form of the compound. Recrystallization of the material
obtained from this second band afforded the analytically pure material for use in our studies.

The structures of the cations of all three of these compounds are unremarkable, with metal-
ligand bond distances and angles about the primary coordination sphere consistent with low-spin
Co(III). Additional details of the structures, refinement, and drawings of the cations for all three
complexes can be found in the appendix.

2.3.2 r-Donors v. w-Acceptors and their Net Influence in the First Transition Series

The molecules contained in our series of 14 compounds were chosen to span a reasonably
wide range of substituents from strongly m donating in the case of 4,4'-dipyrrolidinyl-2,2'-
bipyridine (pyrro-bpy) to m acids such as 4,4’-diethylester-2,2'-bipyridine (deeb), as well as ligands
devoid of m interactions (e.g., NH; and ethylenediamine). Extremes in s donating and & accepting
character were also included in the cases of [Co(BMImPy),]*" and [Co(CN)s]*", respectively, as a
means for comparison. We acquired absorption spectra for the entire series and analyzed them
following the same protocol outlined above for [Co(bpy)s]**. The ligand-field parameters obtained
from both diagonal and full-matrix analyses of the deconvolved spectra are collected in Tables 1
and 2, respectively; the experimental spectra and Tanabe-Sugano diagrams constructed for each
compound based on these parameters can be found in the Appendix. In two of these cases —
[Co(terpy)2]** and [Co(BMImPy),]*" - the overlapping nature of the absorption features prevented
us from assigning with confidence the minimum number of three ligand-field bands needed to
specify values for 10 Dq and the Racah B and C parameters. Inspection of eq 2.5 reveals that the

'A1 —3Tiand 'A; — !T) transitions do not depend on the Racah B parameter, so we were able to
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focus on these two transitions in [Co(terpy)z]** and [Co(BMImPy),]** to afford quantitative values

for 10 Dq and Racah C for these compounds.

Table 2.1. Ligand-field Transition Energies and Parameters for Co(Ill) Complexes in CH3CN
Solution Calculated Using Diagonal Expressions?

Complex T, T, IT, IT, 10Dq B B’ C C/B
[Co(acac)s]° 9450 12550 16880 23010 20600 390 036 3720 9.6
[Co(pyrro-bpy);](PFs); 13010 16240 20100 23650 400 037 3550 8.8
[Co(NH;)6]Cly? 13640 17440 21050 29500 24760 475  0.44 3710 7.8
[Co(phen);](PFg)s 13950 17070 21430 25170 390 036 3740 9.6
[Co(dtb)s](PFg)s 14540 17080 21650 25200 320 029 3550 112
[Co(en)s]Cl¢ 13920 17300 21460 29590 25230 420 039 3770 8.9
[Co(Br2bpy)3](PF6)3 14430 18170 21670 25340 480 044 3670 7.6
[Co(5,5'-dmb);](PFe);s 14420 17390 21820 25510 370 034 3700 9.9
[Co(OMe-bpy);](PFe); 13650 17220 21580 25550 450 041 3970 89
[Co(4,4'-dmb);](PFs); 14600 17750 21960 25640 390 036 3680 9.4
[Co(bpy)s](PF); 13770 17490 21860 25900 470 043 4050 8.7
[Co(deeb);](PFg)s 14910 18220 22170 25800 410 038 3630 8.8
[Co(terpy),](PFe)s 15558 23017 26747 3730

[Co(BMeImPy),](PF¢); 19938 26830 30270 3450

K5[Co(CN)4]4¢ 25470 31830 39240 35010 460  0.43 3180 6.9

aAll values reported in cm'. ’Calculated using eq 2.6 with a value of By = 1080 cm’!. *Spectrum recorded in
CHCl; solution. YSpectrum recorded in H,O. °Transition energies taken from references 53 and 54.

Inspection of the data in Table 2.1 and Table 2.2 reveals a fairly narrow spread in the
magnitude of ligand-field splitting (i.e., 10 Dq) despite the substantial change in the nature of the

substituents on the aromatic ligands. Excluding the carbene-based BMImPy complex and
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[Co(CN)e]*, there is only a ~3,000 cm™! range covered by this series of low-spin complexes based
on the diagonal terms (Table 2.1); this spread is attenuated to slightly more than 2,000 cm™ for the
full-matrix analysis (Table 2.2). This observation, coupled with the fact that compounds such as
[Co(NH3)6]** and [Co(en)s]*" lie in the middle of the series in terms of the magnitude of 10 Dq,
suggests that = bonding plays a relatively minor role (at least in terms of absolute contributions)
in determining the ligand-field strength presented by polypyridyl ligands of this type to Co(III).
Qualitatively this is to be expected given the more ionic nature of the bonding in complexes of the
first transition series as compared to their second- and third-row congeners, but the overall lack of
sensitivity of 10 Dq to the specific changes introduced into the ligand backbone across this series

was surprising.

Table 2.2. Ligand-Field Transition Energies and Parameters for Co(III) Complexes in CH3CN
Solution Calculated from Full Diagonalization Analysis®

Complex 10Dq B B Cc C/B

[Co(acac);] 19210 480 044 3590 75

[Co(pyrro-bpy)s](PFs); 22440 480 0.45 3430 7.1

[Co(NH3)]Cls 23430 580 053 3550 62
[Co(phen)s](PFy); 23940 460 043 3630 7.9
[Co(en)s]Cl; 23950 500 046 3640 7.3
[Co(dtb);](PFy)s 24130 370 034 3480 9.5

[Co(OMe-bpy)s](PF)s 24170 530  0.50 3830 7.2
[Co(5,5-dmb);](PFe); 24330 430 040 3600 8.3
[Co(Br2bpy)3](PF6)3 24040 580  0.54 3515 6.1

[Co(4,4'-dmb);](PFe); 24450 460 0.43 3570 7.8

[Co(bpy);](PF¢)s 24480 560 0.52 3900 7.0
[Co(deeb);](PF¢)s 24620 490 0.45 3520 7.2
K;5[Co(CN)¢] 34160 510 0.47 3080 6.1

2All values reported in cm™.
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More surprising than the limited range of ligand-field splitting was the apparent nature of
the m interactions that are present. To understand the effect we believe is operative, one needs to
consider several aspects of the electronic properties of the ligands that are relevant for determining
d-orbital splitting in these compounds. As mentioned above, we interpret the range of 10 Dq
accessible across the series of complexes we’ve prepared as an indication of a minor role for n
bonding in an absolute sense. That stated, inspection of trends within the series of compounds does
reveal an influence from n-based interactions in terms of their relative energetics. Consider first
what would be expected in the absence of any m interactions. Although there are several factors
that influence the magnitude of ligand-field splitting due to s bonding, the d-orbital splitting should
roughly correlate with the basicity of the donor atoms (i.e., the stronger the base, the larger the
ligand-field splitting). The strength of pyridyl-based ligands acting as Lewis bases to a metal center
can be gauged from their pKy values (or, more conveniently, the pKa values of the corresponding
bipyridinium salts). Table 2.3 lists pKa values of the hydrochloride salts of several of the ligands
used in our study.” Not surprisingly, the strongest acid is 4,4’-diethylester-2,2"-bipyridinium
chloride, where the electron withdrawing characteristics of the ester groups attenuates the donor
ability of the nitrogen atoms by more than an order of magnitude relative to 2,2’-bipyridine.
Introduction of CHj3 groups (i.e., 5,5'- and 4,4’-dimethyl) increases the ligand’s basicity relative to
the unsubstituted ligand, as might be expected given their electron donating properties. At the other
end of the spectrum is 1,10-phenanthroline. While a more challenging comparison due to structural
differences as compared to the bpy derivatives, it is nevertheless roughly two orders of magnitude
more basic than deeb. If & interactions were irrelevant, the expectation would be that measured
values of 10 Dq for Co(III) complexes comprised of this subset of compounds should follow a

qualitatively predictable trend from largest (phen) to smallest (deeb). Inspection of Table 2.1 and
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Table 2.2 reveal that this is the exact opposite trend of what is measured for 10 Dq across this
series. While the correlation is not quantitatively robust, [Co(deeb)3]** exhibits the largest value
of 10 Dq for this series, while [Co(phen)s;]*" exhibits the smallest. Again, the variations are not
large, but © interactions between the ligand and metal are clearly sufficient to modulate the ligand-
field splitting of these compounds in a manner that opposes the predicted trend based on o

interactions alone.

Table 2.3. pKa Values of Selected Polypyridyl Ligands?

Ligand pK.  pK-pK oy

phen 4.53 0.91

44’-dmb  4.40 0.78

5,5-dmb  3.97 0.35
bpy 3.62 0
deeb 2.45 -1.17

2From reference 55.

To identify the nature of the m-effect, we first consider the compound with the smallest
ligand-field splitting, [Co(pyrro-bpy)3]**. The lone pair associated with the ternary nitrogen of the
pyrrolidine ring coupled with its location at the 4 and 4’ positions of bipyridine makes this
substituent an effective n-donor to the ligand, which means that pyrro-bpy is expected to be more
electron rich than the unsubstituted form of the ligand as a result. The question is whether this
makes pyrro-bpy a stronger n-donor to Co(I1I) or a weaker n-acceptor. The same argument applies
to [Co(deeb)s]*", i.e., does the more electron deficient nature of deeb make it a better m-acceptor
or a weaker n-donor? Either of these scenarios would result in shifts of the #; orbitals of the metal

center in the appropriate direction to rationalize the changes in 10 Dq that are experimentally
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observed. This question is difficult to answer in isolation - something akin to asking if an answer
of 4 is achieved from the sum of 3 and 1 or 6 and -2 — but is important from the point-of-view of
ligand design. Should we view polypyridyl ligands bound to first-row metals as net = donors or
net w acceptors in terms of their influence on the electronic structure of the resulting metal
complex?

We believe the answer to this question can be found in the data presented in Table 2.1,
specifically in the parameters derived for [Co(terpy):]**. To understand this, consider first the
electronic structure of [Ru(terpy):]**. This compound, which has been well studied by many
groups in a variety of contexts over the years,>7 represents an outlier when it comes to the
photophysics of Ru(II) polypyridyls in terms of the surprisingly short lifetime of its lowest-lying
SMLCT excited state. In contrast to [Ru(bpy)s]**, whose *MLCT state persists for ~1 ms in
deoxygenated solution at room temperature, the corresponding lifetime for [Ru(terpy).]** is
~250 ps.>® This dramatically reduced lifetime relative to [Ru(bpy)s;]** has been attributed to
thermal accessibility of the lowest energy 3T ligand-field state from the charge-transfer manifold,
resulting in a significantly larger value for the rate constant for non-radiative decay (kn:) for the
SMLCT state.>*% Apart from the consequences of this as it pertains to the excited-state properties
of [Ru(terpy).]*" (e.g., significantly attenuated emission, limited utility for biomolecular
photoredox chemistry, etc.), the difference in photophysical behavior indicates that terpy presents
a much weaker ligand field to Ru(II) than bpy. The reason for this is believed to be associated with
the structural constraints endemic to the terpy ligand as evidenced by acute N-Ru-N bond angles
of ca. 80° and 165° for cis and trans, respectively, resulting in relatively poor metal-ligand overlap
affecting both o-donation from the nitrogen atoms and n-backbonding from the metal into the w*

orbital(s) of the ligand.!
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In contrast, the data we have acquired on [Co(bpy)3]** and [Co(terpy):]** exhibits the exact
opposite relationship from what is inferred for their Ru(Il) analogs. While the absorption spectrum
of [Co(terpy)2]** does not allow for detection of the three transitions needed to independently
assess the Racah B and C parameters, we were able to quantify that the broadest measure of ligand-
field strength — 10 Dq — is approximately 1,000 cm™! larger for [Co(terpy):]** than [Co(bpy)s]*".
The steric constraints associated with terpy binding to Co(IIl) are very similar to that for Ru(II)
(Table 2.4), so the same attenuation in metal-ligand interactions due to distortions from octahedral
geometry identified for [Ru(terpy).]*>* should be operative for [Co(terpy).]**. But, rather than
leading to a reduction in ligand-field strength relative to bpy as is seen for Ru(Il), the net result in
the case of Co(Ill) is an increase in that same parameter. These observations lead us to the
conclusion that terpy must be acting as a net © donor to Co(III): only in this circumstance can one
rationalize how an attenuation in a metal-ligand interaction can lead to a larger ligand-field

strength.

Table 2.4. Comparison of Structural Parameters for [Ru(terpy).]** and [Co(terpy)2]**

Average
Complex M-Naia (&) M-Neg (A) NawiarrM-Nggial(®) - Neg-M-Neg () Neg-M-Nogial ()
[Ru(terpy),]2™ 1.968 2.074 178.04 157.77 78.9
[Co(terpy),]*** 1.856 1.943 178.41 165.55 82.8
Difference (Ru-Co) 0.112 0.131 -0.37 -7.78 -3.9

aFrom reference 65. "From reference 33.

Indeed, we believe that net donation is the primary mode of 7 interactions between Co(I1I)
and all of the polypyridyl-based ligands being considered herein; the variation in 10 Dq across the

different substituents noted above is therefore not associated with changes in the m accepting nature
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of the ligand but rather due to modulations in their ability to act as a base. The likely origin of this
effect — and by extension the reason for the reversal in behavior between metal polypyridyl
complexes of the first and second transition series — is the shift in energy of the tzg-symmetry d
orbitals as a function of charge and principal quantum number. Both the filled n and unfilled n*
orbitals of the polypyridyl ligands are of the appropriate symmetry to interact with, in the case of
a low-spin d® ion, the filled t, orbitals of the metal center. Whether a ligand like 2,2'-bipyridine
acts as a net m donor or m acceptor in a given compound will therefore reflect a balance of
interactions that depend largely on the energy of the metal-based ty; orbitals relative to these
ligand-based © and ©* orbitals. For the two metal ions being compared here, the higher valence
orbital ionization energy of Co(IIl) as compared to Ru(Il) indicates that the d-orbitals of Co(III)
are significantly lower in energy, which we believe results in a more favorable energetic match
with the filled & orbitals of the polypyridyl ligands and trends in 10 Dq that are consistent with net
n donation. This picture inverts for Ru(Il) due to the increase in principal quantum number coupled
with the decrease in ionic charge, increasing in the energy of the d orbitals to where the d-n* gap
becomes the dominant interaction. It should be noted that the idea of considering polypyridyl
ligands like bpy as net n-donors to first-row metals was previously suggested by Jakubikova and
co-workers based on their computational studies of Fe(Il) complexes.®? Although our
measurements were carried out on Co(Ill) complexes, we nevertheless view our results as
experimental support for their conclusions.

2.3.3 Trends in the Racah B and Racah C Parameters

The most challenging aspect in analyzing the data on the series of compounds we have prepared
and characterized is the significance (if any) of variations in the Racah B and C parameters listed

in Table 2.1 and Table 2.2. As mentioned previously, these two parameters correspond to the linear
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combinations of electron-electron repulsion integrals indicated in eq 2.3. These parameters were
originally defined in this manner primarily to simplify spectral analyses in the weak-field limit,
but researchers have since tried to ascribe a deeper physical significance to the numerical values
obtained. These efforts have largely focused on the B parameter, in large part because reliable data
on the C parameter is relatively scarce due to the experimental challenges associated with
measuring spin-forbidden transitions. The B values of a given transition metal complex are
typically compared to the corresponding values for the free ion, Bo, in the form of a ratio defined
as

B = 4 (2.6)
The B value for a compound is almost invariably smaller than Bo; since B is defined in terms of
electron-electron repulsion integrals, the value of £ has served as a qualitative assessment of the
degree of covalency in the metal-ligand bonding interaction (the idea being increased covalency
leads to greater delocalization of the d orbitals and therefore a reduction in the magnitude of
electron-electron repulsion within the d-orbital manifold). Inspection of Table 2.1 and Table 2.2
reveal that the experimental values for B for all of the compounds studied is significantly
attenuated as compared to the free-ion value of 1080 cm™! for Co(IlI), but there is no obvious
correlation across the series with the notable exception that the two compounds devoid of =«
interactions — [Co(NH3)s]*" and [Co(en)s]** - do exhibit the largest values of B relative to the other
members of the series. One could therefore speculate that this supports at least qualitatively the
notion of B reflecting the extent of d-orbital interaction with the ligands, with the two c-only
complexes being the most ionic (i.e., possessing the largest value of f). That stated, we believe

that a more detailed analysis of these data (including the physical significance of variations in the
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C parameter) would require an extensive theoretical effort that is well beyond the scope of the
present study.
2.3.4 Insights into the Ligand-field Strength for Iron(Il)

The broader goal of this study was to develop the means to assess ligand-field strengths in
cases for which the requisite transitions are obscured by more intense absorption features (e.g.,
Fe(Il) charge-transfer complexes). One way to achieve this is to find a few Fe(Il) complexes
wherein at least one ligand-field transitions could be observed, then set up a correlation with the
optical properties of the corresponding Co(Ill) complex. Although this approach would not be
expected to be robust, it could still offer an approximation for the ligand-field strength of the Fe(II)
complex where none would otherwise be available. We acquired an electronic absorption spectrum
of [Fe(bpy)3]*" using the same approach as was done for the Co(IIT) complexes and were able to
identify a reasonably well-defined feature centered at ~830 nm which we assign as the 'A; — 3T
absorption (Figure 2.5). This is consistent with the assignment of Palmer and Piper in their analysis
of the single-crystal absorption spectrum of [Fe(bpy)3]CL.%® The corresponding transition for
[Co(bpy)s]** sits at 730 nm, a value that allows us to infer a substantial decrease in 10 Dq upon
replacement of Co(IIl) for Fe(Il), as expected due to the decreased charge on the iron ion. With
only one ligand-field band is observed for [Fe(bpy)s;]*" one cannot quantify its ligand-field
parameters in the same way we were able to for [Co(bpy)s3]**, however, we can approximate the
positions of the *T> and !T; absorptions of [Fe(bpy)s;]*" based on their observed locations in
[Co(bpy)s]**. The expressions in eqs 2.3b — 2.5d specify the energies for ground-state absorption
to the 'T1, 3T», and 3T, states, respectively, of a d° ion. If we take the ratio of the 3T> and 3T
transition energies of [Co(bpy)3]** (i.e., ECT2)/E(’T1)) as well as that of the 'T; and 3T states

(E('T1)/E(’T1)), average them, then reference them to the observed 'A; — 3T absorption of
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[Fe(bpy)s]*", we can obtain approximate locations of the !A; — T, and 'A; — T absorptions for
[Fe(bpy)s]*" and use those values to estimate a value of 10 Dq for [Fe(bpy)3]** of ~21,000 cm™.%4
The data therefore indicate that replacing Co(IIT) with Fe(II) in the same ligand-field environment
leads to a reduction in the magnitude of 10 Dq on the order of ~3000 cm'!. While we concede that
a comparison between two compounds does not provide the basis for a robust correlation, we
believe that information on the absorptive properties of a ligand system of interest bound to Co(I1I)
does allow one to make a reasonable approximation of the ligand-field strength of the

corresponding Fe(IT) complex that would otherwise be exceedingly difficult to obtain.
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Figure 2.5. Near-IR electronic absorption spectrum of [Fe(bpy)3]** in CH3CN solution obtained in
a 10 cm pathlength cell at high concentration. The low extinction coefficient for the band centered
at 830 nm is consistent with a spin-forbidden transition and is assigned as the 'A; — 3T absorption.
Given the limited amount of information we have on Fe(II) analogs, it’s difficult to experimentally

address the question of whether polypyridyl ligands behave as net & donors or net w acceptors when

bound to Fe(Il) as we did with Co(III). That stated, following the reasoning discussed above, the
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higher energy associated with the d orbitals of Fe(Il) relative to Co(Ill) suggests that these
competing effects are likely close to offsetting each other in Fe(Il). This would be consistent with
results we have previously reported on ground-state recovery dynamics following photoexcitation
of [Fe(bpy)s]** and [Fe(4,4’-dmb)3]**, where a modest ~35 cm’! increase in the barrier associated
with ground-state recovery for the latter suggested a slightly weaker ligand field associated with
4,4’-dmb as compared to bpy.
2.4 Concluding Remarks

The synthesis and electronic absorption spectroscopy of a series of Co(IIl) complexes have
been carried out in an effort to assess the field strength presented by ligands that are commonly
used to create strong charge transfer-based absorption cross-sections in transition metal complexes.
The intensity of these bands coupled with their spectral location typically renders the observation
of the ligand-field transitions necessary to make such an assessment difficult if not impossible for
most chromophores of the first transition series. This is particularly true in the case of the d®
configuration, complexes whose photophysical properties are of considerable interest for
applications involving photo-induced electron transfer chemistry. The significant blue-shift in the
LMCT transition(s) of Co(III) complexes provided the mechanism by which the underlying ligand-
field transitions could be observed and quantified. A detailed analysis of both spin-allowed and
spin-forbidden d-d absorptions allowed for a quantitative measure of the ligand-field splitting
parameter — 10 Dq — as well as the Racah B and C terms that together provide a complete
description of the energies of the multielectronic states that comprise the excited-state electronic
manifold of the compounds. It was found that the ligand-field strength imposed on Co(III) by
polypyridyl ligands is ca. 25,000 cm!, a value that can be tuned by + ~1,500 cm! via substituent

changes on the periphery of the aromatic residues. An unexpected outcome of this analysis was
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the observation that, while dominated by c-based interactions between the lone pairs on the
ligating nitrogen atoms and the metal center, ligands of this class behave as net © donors to the
metal. This stands in contrast to their net © accepting character when bound to ions from second
and third transition series and represents an important conceptual shift for how to think about
metal-ligand interactions for the purposes of ligand design. Results obtained on a carbene-based
complex further established experimentally the ability of these strong, o-donating ligands to
destabilize ligand-field excited states, thereby enhancing the utility of charge-transfer states for
photochemical transformations. We believe that this approach of using Co(Ill) as a surrogate for
ions such as Fe(Il) will prove to be a useful tool if one is seeking to manipulate the relative
energetics of ligand-field and charge-transfer excited states to modulate photoredox activity of

these earth-abundant compounds through targeted synthetic design.
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APPENDIX 2.A. LIGAND-FIELD SPECTRA, TANABE-SUGANO DIAGRAMS, NMR

SPECTRA, AND CRYSTALLOGRAPHIC DATA
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Figure 2.6. Deconvolved UV-Vis spectrum of [Co(acac);] in CHCIs. The dips in the low energy

absorption spectrum are due to poor baseline correction due to CHCI3 overtones and difficulty in
baseline correcting with 10 cm quartz cells.
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Figure 2.7. Deconvolved UV-Vis spectrum of [Co(pyro-bpy)3](PFs); in MeCN.
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Figure 2.8. Deconvolved high energy UV-Vis spectrum of [Co(NH3)s]Cls in H2O. The splitting of
the 'T; and T, bands can be observed due to descending in symmetry as the ammine ligands
interact with the solvent through intermolecular hydrogen bonding.
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Figure 2.9. Deconvolved low energy UV-Vis spectrum of [Co(NH3)s]Clz in H2O.
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Figure 2.10. Deconvolved high energy UV-Vis spectrum of [Co(en)3]Cl3 in H2O. The splitting of
the 'T; and T, bands can be observed due to descending in symmetry as the ammine ligands
interact with the solvent through intermolecular hydrogen bonding.
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Figure 2.11. Deconvolved low energy UV-Vis spectrum of [Co(en)3]Cls in H>O.
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Figure 2.12. Deconvolved UV-Vis spectrum of [Co(phen)3](PF¢)3 in MeCN.
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Figure 2.13. Deconvolved UV-Vis spectrum of [Co(dtb)3](PFs); in MeCN.
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Figure 2.14. Deconvolved UV-Vis spectrum of [Co(OMe-bpy)s;](PFs)3; in MeCN.
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Figure 2.15. Deconvolved UV-Vis spectrum of [Co(5,5’-dmb)3;](PFs); in MeCN.
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Figure 2.17. Deconvolved UV-Vis spectrum of [Co(4,4’-dmb);](PFs); in MeCN.
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Figure 2.19 Deconvolved UV-Vis spectrum of [Co(deeb):](PFs)3 in MeCN.
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Figure 2.20. Deconvolved UV-Vis spectrum of [Co(BMImPy),](PFs)3; in MeCN.
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Figure 2.21. Deconvolved UV-Vis spectrum of [Co(terpy)2](PFs)3 in MeCN.
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Figure 2.22. Deconvolved UV-Vis spectrum of [Fe(bpy)3](PFs)2 in MeCN.
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Figure 2.23. Tanabe-Sugano Diagram of [Co(acac);]. B =480 cm™!, C =3590 cm™!, 10Dq = 19210
cm,
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Figure 2.24. Tanabe-Sugano Diagram of [Co(pyrro-bpy)s](PFe)s. B = 480 cm™!, C = 3430 ¢cm™!,
10Dq = 22440 cm™'.
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Figure 2.25. Tanabe-Sugano Diagram of [Co(NH3)s]Cls. B = 580 cm!, C = 3550 cm’!, 10Dq =
23430 cm™.
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Figure 2.26. Tanabe-Sugano Diagram of [Co(phen)s](PFe)3. B =460 cm™!, C = 3630 cm’!, 10Dq =

23940 cm™!.
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Figure 2.27. Tanabe-Sugano Diagram of [Co(en);]Cls. B= 500 cm™!, C = 3640 cm™!, 10Dq = 23950
cm,
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Figure 2.28. Tanabe-Sugano Diagram of [Co(dtb)3](PFs)3. B =370 cm™!, C = 3480 cm™!, and 10Dq
=24130 cm’.
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Figure 2.29. Tanabe-Sugano Diagram of [Co(OMe-bpy)3](PFs)s. B = 530 cm!, C = 3830 ¢cm™!,
10Dq = 24170 cm".

66



Figure 2.30. Tanabe-Sugano Diagram of [Co(5,5’-dmb);](PFe)s. B = 430 cm™!, C = 3600 cm™!,

10Dq = 24330 cm™'.

Figure 2.31. Tanabe-Sugano Diagram of [Co(4,4’-dmb);](PFe)s. B = 460 cm™!, C = 3570 ¢cm™!,

10Dq = 24450 cm!.
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Figure 2.32. Tanabe-Sugano Diagram of [Co(bpy)s](PFe)3. B = 560 cm™!, C = 3900 cm™!, 10Dq =
24480 cm™.
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Figure 2.33. Tanabe-Sugano Diagram of [Co(deeb)3](PFs)3. B =490 cm™!, C = 3520 cm™!, 10Dq =
24620 cm™.
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Figure 2.34. Tanabe-Sugano Diagram of K3[Co(CN)¢]. B = 510 cm™!, C = 3080 cm’!, 10Dq =
34160 cm.
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Figure 2.35. Tanabe-Sugano Diagram of [Fe(bpy)3](PF¢)2. B = 460 cm!, C = 3200 cm’!, 10Dq =
21120 cm™,
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Figure 2.36. '"H NMR of [Co(pyrro-bpy)s](PFs)s in acetone-de.

Ly L~
8y L

WN@.H

%NO.N

86'8~
006"

Feet

M Fooz

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

8.0

T
8.1

8.2

T
8.3

T
8.5

T
8.7

8.8

8.9

9.0

T
9.1

9.2

9.3

8.4

8.6

1 (ppm)

Figure 2.37. '"H NMR of [Co(phen)s](PFe)3 in CD3CN.
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Figure 2.45. '"H NMR of [Co(BMImPy),](PFs)3 in acetone-de.
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Figure 2.46. Single-crystal X-ray structure of [Co(pyrro-bpy)s](PFs)s.
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Figure 2.48. Single-crystal X-ray structure of [Co(BMImPy):](PF)s.



Figure 2.50. Single-crystal X-ray structure of [Co(Br2bpy)3](PFs)s.
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Table 2.5. Crystal Data and Structure Refinement
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APPENDIX 2.B. USING LIGFIELD FOR THE CALCULATION OF LIGAND-FIELD
PARAMETERS

In order to use LIGFIELD you must install the program DOSBox, a DOS emulator, on to
your PC or Mac. This program is available for free on the internet. For PCs DOSBox should be
placed on the C: drive along with the folder containing the executables for LIGFIELD. For Mac,
it is recommended that the LIGFIELD folder is placed inside the folder for DOSBox on the
Desktop. This allows for ease in execution and mounting of the appropriate drive. The initial
loading of LIGFIELD and the syntax used in DOSBox is different for PC and Mac, so the initial
section will be split between Mac and PC start-up. Note that when using DOSBox all directories
are case-sensitive, i.e. Desktop and desktop are not equivalent.
2.B.1. Running DOSBox on Mac

Once DOSBox has opened a screen will be displayed as shown below in Figure 2.51. The
initial drive mounted is the Z-Drive, which is a virtual drive within DOSBox. A new drive must be
mounted that contains the files on the hard drive. This is done by typing mount C ~/Desktop (if the
folder containing LIGFIELD is on the Desktop). If successful text will appear as shown in Figure
2.51. The new drive is then accessed by typing c¢. which should switch to the new drive with the
main folder being the Desktop. Navigate to the LIGFIELD folder and execute the program by

typing LIGFIELD and hitting enter. LIGFIELD should now be running and ready for calculations.
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kelcome to DOSBox vO.74-3-3

For a short introduction for new users type: INTRO
For supported shell commands type: HELP

To adjust the emulated CPU speed, use and
To activate the keymapper o
For more information read the README file in the DOSBox directory.

HAVE FUN?
The DOSBox Team http://wass.dosbox.com

:\>SET BLASTER=AZ220 I? D1 H5 T6

IZ:\>mount c “/Desktop
Drive C is mounted as local directory -Users/JonathansDesktop/

‘\>cd dosbox/LIGFIELD

*\DOSBOX\LIGF IELD>

Figure 2.51. DOSBox startup screen and mounting commands for Mac operating system.

2.B.2. Running DOSBox on PC
Once DOSBox is open the drive containing LIGFIELD must be mounted. If place directly

on the C: drive, mounting the drive and opening LIGFIELD is shown in Figure 2.52.

Welcome to DOSBox vO.74-3

|| For a short introduction for new users type: INTRO
For supported shell commands type: HELP

To adjust the emulated CPU speed, use ctrl-F11 and ctrl-FiZ.
To activate the keymapper ctrl-F1i.
For more information read the README file in the DOSBox directory.

HAVE FUN?
The DOSBox Team http://uwas.dosbox.com

Z:\>SET BLASTER=AZ20 I7 D1 H5 T6

Z:\>mount c c:\LIGFIELD
Drive C is mounted as local directory c:\LIGFIELD\

Z:\>c:

C:\>LIGFIELD_

Figure 2.52. DOSBox starting screen and mounting commands to mount LIGFIELD as the local
directory and execute LIGFIELD on a PC.
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2.B.3. Ligand-Field Calculations using LIGFIELD
Initial Setup

The first thing that must be done is changing the input and output directories for the
program which is done in the Options—Program options. They need to be set to the correct path
corresponding to where the LIGFIELD program is located. For both PC and Mac users, if DOSBox

and LIGFIELD were placed in the locations suggested the input and output directory paths should

be:
Mac
Input directory: C:\DOSBOX\LIGFIELD\INPUT
Output directory: C:\DOSBOX\LIGFIELD\OUTPUT
PC

Input directory: C:\INPUT
Output directory: C:\OUTPUT

Once the directory paths have been set the program is ready to begin calculations. If the path is

invalid the program will create a popup and ask to redefine the path.

1. The first step is to create the matrices for the calculations. This is done by navigating to
Setup—Generate matrices. A dialog will appear asking for the name of the output file that
will be generated (Figure 2.53a). The only requirement for the name is that it must be less than
7 characters. If longer, the program will not be able to read in the file. In the new screen you
are able to pick the p-, d- or f-electron count that the calculation will be for, the free-ion term
states that will be included in the calculation (it is recommended to include all states if doing
a ligand-field analysis), the function basis, which should be SLJM.J (though the choice of basis

no longer matters after step 3), the type of ligand field analysis to use, either Angular Overlap
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Model (AOM) or O>D4>D?2 (for normal ligand-field analysis). For most calculations, these

are the only selections that are required. The selections for a full d° ligand-field analysis are

shown in Figure 2.53b. Note, for Mac users, “End” is fn+right arrow.

Figure 2.53. (a) Initial matrix file creation dialog with output file naming (b) Matrix file creation

screen with selections for a full d° analysis without the incorporation of spin-orbit coupling.

2. After creation of the matrix file, the initial parameters (in cm™!) for the calculations need to be
entered by navigating to the Parameters tab. After accepting the input file that was created in
the previous step the initial ligand-field parameters calculated from the diagonal expressions
will be entered in the next dialog with Delta(Oh) corresponding to Ao or 10Dq, and Racah B

and Racah C, the Racah interelectronic repulsion terms (Figure 2.54).
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"LIGFIELD" by J. Bendix———  Version 0.92

l_flle Setup Parameters Diagonalize Fit Diagrams fnalyze Options ]

Input Parameter values
Delta(Oh) 25900
Delta(E(Oh)) o
Delta(TZ(0Oh)) o
Delta(E(D4)) 0
Non-Diagonal (A(D2)) ©
Racah B 470
Racah C 4050
L Ctrl 4 to accept

Current matrix file

Primary : [Dutput directoryl\BPY
Secondary: [Dutput directoryl\SEC = = = =
Output ¢ [Dutput directoryl\NEW

nput of parameter values to enter calculations j

Figure 2.54. Example initial parameters input dialog for ligand-field analysis using the diagonal

expression values calculated for [Co(bpy)s;]*" in cm™.

3. After inputting the initial parameters, the matrix file needs to first be rediagonalized and then
diagonalized, contrary to the naming of the operations.® To do this, navigate to
Diagonalize—Rediagonalize. This will bring up a new dialog. The input file should be the
matrix file with the parameters from the previous step and now a new output file will be
created. To keep track of file contents a convention that may be useful is to name the output
file the same name as the input, but with an “R” on the end of the name for rediagonalized as
shown in Figure 2.55. The program will then prompt to confirm the initial parameters used
before performing the transformation. After the operation has completed the transformed

matrix file will then be diagonalized.

*During the diagonalization, function numbers are generated for each term-state and these function numbers are
required for the fitting procedure. Sometimes during rediagonalization the function numbers may switch to different
terms therefore the function number for a term-state may be incorrect when continuing to the fitting procedure.
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"LIGFIELD" by J. Bendix————VUersion 0.92
File Setup Parameters Diagonalize Fit Diagrams fmalyze Options ]

Diagonalize |

———— Input and output matrix-files
Primary input file : C:\DDSBOX\LIGFIELDNOUTPUTNBPY_
Secondary input file : C:\DDSBOX\LIGFIELDNOUTPUTNSEC
Output file + iN\DOSBOXNL IGF IELDNOUTPUTNBPYR_

Ctrl 4 to accept

Current matrix files:
Mat. Eigenv. fng.

Primary : [Dutput directorylNBPY

Secondary: [Dutput directoryl\SEC

Output ¢ [Dutput directorylI\NEW

. Performs a unitary transformation of all matrices in a file to an eigenbasis

Figure 2.55. Rediagonalization dialog with the input file being the initially generated matrix file

and the output file to be named for the rediagonalization file.

4. Select Diagonalize from the drop-down menu and confirm the input file, which should be the
output file from the previous step. The parameters will be confirmed again, and a new screen
will be shown. The diagonalization screen gives many options for how to treat the matrix file.
For a normal analysis in an idealized O, complex the selections are shown in Figure 2.56.
Sorting the eigenvalues by ascending will sort from lowest energy to highest energy. The
eigenvectors from the diagonalization should be selected in addition to the spin multiplicity
for each eigenvalue that is being calculated. The list of “Groups to use” allows for the selection
of various holohedral point groups (rotational only) and double groups. If assuming an
octahedral splitting, then the selection of O is necessary but lower symmetry groups can be
used if needed. A final option is available is for LIGFIELD to calculate the orbital populations
for each electronic state but requires more time for the calculation to finish. After the
calculation has finished, “In a textfile” should be selected to view the results as the other

selections do not allow one to save the output externally.

84



Figure 2.56. Diagonalization dialog with selections for a typical analysis in an octahedral ligand-

field.
The output file now contains the function numbers, the energy, spin, and symmetry of the
calculated eigenfunctions (Figure 2.57) based upon the initial parameters used in step 2. The
relevant information from this file for the analysis are the function numbers. As shown in
Figure 2.57, the ground-state 'A; term-state is Function 161 and the next group of terms
correspond to the 3T, term-state. For the analysis, the function number of the ground-state and
each observed ligand-field band is required. Only the first function number for each grouping
of terms is needed. As the 3T state is 9-fold degenerate, only Function 128 is needed, and the

other 8 functions can be ignored.
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Line 6

Figure 2.57. Output file after diagonalization with the functions, energies, and term state symbols

in an octahedral field.

5. With the function numbers in-hand the ligand-field parameters can now be fit. Navigate to
Fit—Fit parameters and name the output file for the fitting (appending an “F” to the file name
may be helpful) and confirm the ligand-field parameters again. A new window will appear and
will need to be modified to resemble Figure 2.58a. Observations from Keyboard means that
the function numbers and energies will be entered manually on the next screen and the Unit
Matrix will weight all the transitions equally in the calculation of the ligand-field parameters.
The method of fitting by default is a nonlinear regression using the Leuwenberg-Marquardt
algorithm. The next screen is where the function numbers and energies are input from step 4
(Figure 2.58b). The “From Function” will be the ground-state and the “To Function” will be
the ligand-field excited state that was observed. In this example there are 3 observed transitions

corresponding to 'A;—3Ty, 'A1—3T», and 'A;—!T, respectively.
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a b

"LIGFIELD" by J. Bendix———Version 6.92 “LIGFIELD"” by J. Bendix———Version 0.92
File Setup Parameters Diagonalize Fit Diagrams Analyze Dptinns] |File Setup Parameters Diagonalize Fit Diagrams Analyze Options

I Fit parameters I
Input for fitting
Observations from.....: KEYBOARD
Covariance matrix from: UNIT MATRIX_
Check for diagonality in guessed basis: Y

at to fit- thud of httllw
PFit diff
Fit eigenvalues lterntlm\ of nnrml equntlcms

———What to follow————
PFollow eigenvalues
Follow eigenvectors to original basis
Follow eigenvectors to guessed basis

Ctrl 4! to accept
Primal
y: [Output di yINSEC
Output : [Output directorylNBPYF

Figure 2.58. (a) Fitting procedure dialog with correct input for observations and covariance matrix
(b) Input screen for the term-state function numbers and the observed experimental energies of the
transitions for [Co(bpy)s]**.

Fit parameters
Input observed transition energies
Number of observations [1..991: 3

Observation From function To function Energy difference

128 13770
131 17490
162 21860

1
2
3
4
&
6
?
8
9
10
11
12
13

After accepting the transitions, a new screen will appear asking what parameters LIGFIELD
should refine against. In this example the parameters refined are 10Dq, Racah B, and Racah C.
(Figure 2.59a). Accepting these will then begin the non-linear fitting procedure (Figure 2.59b).
The fitting will continue indefinitely unless stopped by the user when an acceptable “last change”
or chi-squared value is obtained. When the iterations have been finished a pop-up will appear, and
the data should be saved as a text file similarly as in step 4. With the fitting done and file saved,
the ligand-field parameters using a full 4" analysis has been completed. During the fitting
procedure if “control+r” is pressed, LIGFIELD will also rediagonalize the matrix using the new
parameters from the fit allowing for the calculation of the energies of all the ligand-field states.

These new state energies can be calculated by repeating step 4.
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a b

“LIGFIELD" by J. Bendix———Version 0.92 “LIGFIELD" by J. Bendix———Version 0.92
File Setup Parameters Diagonalize Fit Diagrams Analyze Uptions] File Setup Parameters Diagonalize Fit Diagrams Analyze Upticms]

Fit parameters
Choose parameters to fit and to fix

T 1
Status of fitting; Results of Iteration 9

Parameter lue Last change Observation Calculated
+" = fit, " = fix Delta(Oh) 2447790276616 —0.00000000 1 13770.00000000 | 13770. 00000000

Racah B 560.38755078 0. 2 17490. il J
Delta(Oh) 25900 Racah C 3897.73282235 -0. 3 21860.00000000 (21860 . 00000
Delta(E(Dh))
Delta(TZ(0Oh)) Rediagonalize: No (chi)?= 0.0000000099
Delta(E(D4)) Degrees of Freedom= O

'Ctr]l "r"” to toggle rediagonalization. Ctrl 4! to end iterations. “Esc"

Non-Diagonal (A(DZ2))
Racah B 470
Racah C 4050

-
Ctrl ¢ to accept

Current matrix files:

Mat. Eigenv. Ang.
Primary : [Output directoryINBPYR x
Secondary: [Output directoryINSEC -
Output : [Output directoryINBPYF -

Fits parameters using non-linear least squares

Figure 2.59. (a) Choice of parameters for the fitting procedure with “+” meaning the parameter
will be used for fitting and “-* being held constant (b) Non-linear fitting procedure after 9 iterations
with the ligand-field parameters successfully being fit to the experimentally observed transition
energies.
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APPENDIX 2.C. CREATION OF STRONG FIELD TANABE-SUGANO DIAGRAMS
USING DTANSUG

Once the ligand-field parameters have been calculated using the method in Appendix 2.B,

a Tanabe-Sugano diagram for any d-configuration can be constructed in the strong-field limit using

the program, DTANSUG, created by Prof. Joshua Telser. This compiled Fortran program is run in

Terminal for Macs and in the Command Prompt for PCs.

To start the program, one must navigate to the directory, via Terminal or the Command

Prompt, in which it is saved. Once in the directory, execution of the program is called for by typing

/dtansug.out and hitting enter.

1.

Enter the file name for the output file and select the d-configuration for which to carry-out the
analysis.

Select if the analysis will be down in an assumed octahedral (O) or tetragonal (T) field.

The next option allows for the selection of which parameter should be varied for the
calculation. One can either keep the Racah B and C parameters constant and vary 10Dq, a
typical Tanabe-Sugano diagram, or Racah C and 10Dq can be kept constant and the value of
Racah B is varied.

The value of Racah B is selected using either the free-ion value or the value obtained from an
alternative ligand-field analysis.

The value of Racah C is selected using either the free-ion value or the value obtained from an
alternative ligand-field analysis.

The final parameters entered are the starting and ending value of Dq. Note, this is Dq not 10Dgq.
The initial and final values can be any numbers except negative. A typical range to use is 0-

3000 cm!. By starting at 0 cm™! it can be helpful when analyzing the output file to determine
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the term-states to choose. The step size for the analysis needs to be chosen as well. If the step
size is too small, too many data points created, the program will terminate with an error. This
can be remedied by either choosing larger steps or selecting a smaller range of Dq values to
loop over.

7. Three additional questions are asked after step 6 regarding additional information about the
analysis to be included in the output file. The important prompt to answer “yes” to is the second
prompt, “Do you want to print out the wavefunction coefficients?”. By answering yes to this
prompt, the analysis will display the coefficients for each multi-electronic term state selected
as well as the purity of each state as a function of the ligand-field splitting. The initial setup

and selections chosen for [Co(bpy)s]*" are shown in Figure 2.60 below.

ENTER FILE NAME FOR OUTPUT TABLE
bpy

ENTER NUMBER OF d ELECTRONS FROM LIST BELOW:
FOR d1: ENTER 1;

FOR d2: ENTER 2;

FOR d3: ENTER 3;

FOR d4: ENTER 4;

FOR d5: ENTER 5;

FOR d6: ENTER 6;

FOR d7: ENTER 7;

FOR d8: ENTER 8;

FOR d9: ENTER 9;

6

OCTAHEDRAL OR TETRAHEDRAL SYMMETRY? (ENTER T OR 0)
o

DO YOU WISH TO LOOP OVER RACAH B OR CUBIC FIELD Dq?
ENTER B OR D

ENTER RACAH PARAMETER B (FIXED, IN cm-1)

Mnl+, 873; Fe2+, 1058; Co3+, 1065 cm-1

560

ENTER RACAH PARAMETER C (FIXED, IN cm-1):

Mnl+, 3130; Fe2+, 4040; Co3+, 5120 cm-1

3897

ENTER CUBIC CRYSTAL FIELD SPLITTING INITIAL VALUE
(Dg ©, IN cm-1)

0

ENTER CUBIC CRYSTAL FIELD SPLITTING FINAL VALUE
(Dg n, IN cm-1), CAN EQUAL INITIAL VALUE

3000

ENTER Dg STEP SIZE

25

DO YOU WANT TO PRINT OUT THE INITIAL HAMILTONIAN MATRIX (Y/N)?
VANT TO PRINT OUT THE WAVEFUNCTION COEFFICIENTS (Y/N)?

y
DO YOU WANT TO ENTER VALUE(S) TO OFFSET THE ENERGY LEVELS (Y/N)?
n
SELECT APPROPRIATE ELECTRONIC CONFIGURATION FOR Oh d6 FROM LIST BELOW
1E <-- 1I, 1G6(a), 1D(a), 1G(b), 1D(b): ENTER 1 - 5;
<-- 3H, 3G, 3F(a), 3D, 3F(b): ENTER 6 - 10;
1I, 1G6(a), 1F, 1G(b): ENTER 11 - 14;
3H, 3G, 3D: ENTER 15 7;
3F(a), 3F(b): ENTER 18, H
5 a7 ENTER 20, 21;
ENTER 22;
ENTER 23;
ENTER 24;
, 3H, 3G, 3F(a), 3P(a), 3P(b), 3F(b): ENTER 25 -
, 1I, 1G(a), 1D(a), 1F, 1G(b), 1D(b): ENTER 32 -
, 1G(a), 1S(a), 1G(b), 1G(b) ENTER 39 -

Figure 2.60. Example initial setup of DTANSUG for an octahedral low-spin d° transition metal
that loops over Dq and prints the wavefunction coefficients for the states of interest.

90



8.

10.

All that is left now is to select which multi-electronic term states will be included in the
calculation. The number corresponds to the free-ion term state that gives rise to the ligand-field
term state. From the example in Figure 2.60, to print the energies of the 'A; ground state 39
would be selected as the 'T free-ion term gives rise to the !A; ground state within the strong-
field limit of the d® electron configuration. Select each term the analysis should be carried out
on individually, responding with “y” to perform another calculation, until all the relevant states
have been calculated. After responding “n” to “Do you want to start all over?” a text file will
be created in the same directory as where DTANSUG is stored containing the analysis
requested.

The output file will have two sections for each term-state selected: Energetics and the
wavefunction coefficients. The energetics will have 3 columns for each configuration: DqP,
Energy (0™), and Energy (Exact). Following this section, the wavefunction coefficients section
will have multiple columns, each corresponding to a configuration, and the amount of mixing
of other configurations into that term-state as a function of Dq, effectively allowing for the
determination of the purity of the states being observed.

For most systems that will be analyzed, the configuration number in the output file with the
lowest energy will either be the ground-state or the exited-state configuration that we are
interested in for the analysis. Looking at the first few configurations (Figure 2.61a) for the 'A;

state, the first configuration, i = 39, is the lowest in energy and therefore is the correct choice

for the ground-state of a low-spin d°® metal. One can also look at the wavefunction coefficients

"DTANSUG uses the hole-formalism for ease of calculating the relevant energetics from the diagonalization of the
Tanabe-Sugano matrices. Therefore, Dq will be negative for all d-electron configurations over &°, as switching
between d" and d'%" only entails switching the sign of Dq on the diagonal of the matrix, and all term-states displayed
must be read using the hole-formalism, i.e. 'A1 (eg)* for d* corresponds to the (¢2¢)%(eg)® configuration for d®.
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(Figure 2.61b) and see that for i = 39 the electron configuration e*, corresponding to £,° using

the hole-formalism, is the highest purity as a function of Dq and is therefore the correct choice.

a

CONFIG i=39 Dq

b

—-0.00000E+00

ENERGY (@th)
0.5840900E+05

ENERGY (EXACT)
0.3442100E+05

CONFIG i=40  Dq
~0.00000E+00

ENERGY (@th)
0.4282100E+05

ENERGY (EXACT) CONFIG i=41 Dq

0.3674893E+05

~0.00000E+00

ENERGY (0th)
0.7014600E+05

ENERGY (EXACT)
0.4045228E+05

-0.25000E+02  ©.5880900E+05 | 0.3420448E+05 —-0.25000E+02  0.4297100E+05  0.3656846E+05 -0.25000E+02  0.7004600E+05  0.4046327E+05
-0.50000E+02  ©.5920900E+05 | 0.3393791E+05 -0.50000E+02  0.4312100E+05  0.3641054E+05 -0.50000E+02  0.6994600E+05  0.4049430E+05
-0.75000E+02  ©.5960900E+05 | 0.3362562E+05 -0.75000E+02  0.4327100E+05  0.3627410E+05 —0.75000E+02  0.6984600E+05  0.4054262E+05
-0.10000E+03  0.6000900E+05 | 0.3327403E+05 -0.10000E+03  0.4342100E+05  0.3615563E+05 -0.10000E+03  0.6974600E+05  0.4060584E+05
-0.12500E+03  0.6040900E+05 | 0.3288998E+05 -0.12500E+03  0.4357100E+05  0.3605083E+05 -0.12500E+03  0.6964600E+05  0.4068188E+05

~0.15000E+03
~0.17500E+03
~0.20000E+03
-0.22500E+03
~0.25000E+03
~0.27500E+03

Dg (cm-1)

i= 39 1A1 t4 (1I) 1A1 t3{2E}e (1Ga) 1A1 t2{1A1}e2{1A1} (1Sa) 1Al t2{1E}e2{1E}  (1Gb)|1Al e4
-.0000E+00 0.10389610 0.05194805 0.20779221 0.32467532 0.31168831
—.2500E+02 0.09004724 0.02905107 0.21606393 0.27626031 0.38857746
-.5000E+02 0.07696457 0.01409359 0.21861538 0.22553934 0.46478712
—-.7500E+02 9.06533992 0.00565102 0.21610779 0.17854911 0.53435216
-.1000E+03 0.05548591 0.00163474 0.21002678 0.13870142 0.59415115
-.1250E+03 0.04736736 0.00018882 0.20190841 0.10678877 0.64374664
-.1500E+03 0.04075997 0.00003928 0.19291997 0.08205446 0.68422632
-.1750E+03 0.03538740 0.00044229 0.18380132 0.06318640 0.71718260
—.2000E+03 0.03099352 0.00101126 0.17496365 0.04886960 0.74416197
-.2250E+03 0.02736699 0.00156599 0.16660684 0.03799649 0.76646369
-.2500E+03 0.02434235 0.00203470 0.15880788 0.02970322 0.78511186
-.2750E+03 0.02179294 0.00239840 0.15157724 0.02333978 0.80089164
—.3000E+03 0.01962240 0.00266169 0.14489189 0.01842461 0.81439942
-.3250E+03 0.01775724 0.00283815 0.13871372 0.01460256 0.82608834
~-.3500E+03 0.01614100 0.00294345 0.13299948 0.01161135 0.83630472
-.3750E+03 0.01472987 0.00299242 0.12770589 0.00925632 0.84531550
-.4000E+03 0.01348950 0.00299788 0.12279209 0.00739208 0.85332845
—.4250E+03 0.01239266 0.00297044 0.11822066 0.00590923 0.86050701
-.4500E+03 0.01141750 0.00291864 0.11395798 0.00472479 0.86698109
—.4750E+03 0.01054632 0.00284925 0.10997405 0.00377537 0.87285500
-.5000E+03 0.00976466 0.00276755 0.10624230 0.00301216 0.87821333
—-.5250E+03 0.00906055 0.00267765 0.10273919 0.00239729 0.88312532
-.5500E+03 0.00842403 0.00258268 0.09944392 0.00190121 0.88764816
-.5750E+03 0.00784676 0.00248504 0.09633806 0.00150069 0.89182946
—-.6000E+03 0.00732164 0.00238654 0.09340529 0.00117735 0.89570918
-.6250E+03 0.00684267 0.00228855 0.09063108 0.00091658 0.89932112
—.6500E+03 0.00640469 0.00219204 0.08800252 0.00070672 0.90269404
-.6750E+03 0.00600324 0.00209775 0.08550806 0.00053838 0.90585257
—.7000E+03 0.00563449 0.00200619 0.08313737 0.00040398 0.90881797

0.6080900E+05
0.6120900E+05
0.6160900E+05
0.6200900E+05
0.6240900E+05

0.3247963E+05
0.3204804E+05
0.3159922E+05
0.3113628E+05
0.3066161E+05

0.6280900E+05

0.3017708E+05

ciit2, j= 39

~0.15000E+03
-0.17500E+03
-0.20000E+03
-0.22500E+03
~0.25000E+03
~0.27500E+03

0.4372100E+05
0.4387100E+05
0.4402100E+05
0.4417100E+05
0.4432100E+05
0.4447100E+05

0.3595573E+05
0.3586717E+05
0.3578278E+05
0.3570090E+05
0.3562036E+05
0.3554038E+05

-0.15000E+03
-0.17500E+03
-0.20000E+03
-0.22500E+03
-0.25000E+03
~0.27500E+03

0.6954600E+05
0.6944600E+05
0.6934600E+05
0.6924600E+05
0.6914600E+05
0.6904600E+05

0.4076894E+05
0.4086549E+05
0.4097022E+05
0.4108199E+05
0.4119985E+05
0.4132295E+05

Figure 2.61. (a) Three configurations giving rise to the 'A; term-state with the lowest energy
configuration highlighted in green (b) Wavefunction coefficients for configuration 39, showing
parentage of the state coming from the e* (#.°) electron configuration.

11. Once the lowest energy configuration for each multi-electronic term state is found it is only a
matter of plotting the differences between the ground-state and each excited-state. The easiest
way to do this is to copy the three columns for each configuration of interest and paste them
individually into separate text files. Then importing these text files into Excel, only importing
the Exact Energy for each configuration and the values of Dq for one configuration. The sign
of Dq must be switched for d-electron counts greater than ¢ but is correct for > and less, but
all values will need to be multiplied by 10 to match 10Dq that is typically displayed.

12.

Once all the data columns have been imported and the energy differences taken, the resulting

data can be plotted in any plotting software. The resulting plot will resemble a Tanabe-Sugano
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diagram for the strong-field side. The x-axis will need to be adjusted to a value of 10Dq such

that the exited state energies are above the ground state, e.g. non-negative.
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APPENDIX 2.D. DERIVATION OF LIGAND-FIELD DIAGONAL EXPRESSIONS
FROM TANABE-SUGANO ENERGY MATRICES

Though the diagonal expressions used to calculate ligand-field parameters are found
throughout literature, at times it is easier to derive the expressions from the matrices originally
created by Tanabe and Sugano directly instead of having to search through the literature. This
appendix will give a short walkthrough of the steps needed to derive the expressions needed as
well as discuss how to convert between a d" energy matrix to a d'°" energy matrix utilizing the
hole-formalism.

The following examples will involve using the d* electron configuration in a cubic field as
the starting point to discuss the d° configuration that is typically seen in our group, as well as derive

the diagonal expression for the !A;—!T) transition.

a
1A, (al8, b'S, a'G, b'G, 'I)
t3, —16Dq +10C  —12+/2B V2(4B + 20) 2V2B 0
£, 2E)el —6Dq + 6C —12B —6B 0
t3,(1A)e2 (1A;) 4Dq + 14B + 11C 20B V6(2B + C)
t3g('E)eZ('E) 4Dq — 3B + 6C NG
e 24Dq — 16B + 8C

b T, (E a'G, b'G, 'I)

t4,CT)el  —6Dq —3b +6C 5v3B 3B V6B
t35( *Toeg —6Dq — 3B +8C —5v3B V2(B + ©)
tZg(To)ej (E) 4Dq — 3B + 6C _JéB
t3ges 14Dq — 16B + 7C

Figure 2.62. (a) The excited-state 'A; energy matrix for the d* electron configuration (b) the
excited-state ' T; energy matrix for the d* electron configuration in a cubic field.
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In the d* electron configuration, both the !A; and T, are spin-forbidden excited-states,
whereas for low-spin d° metals, the 'A; is now the ground-state and the T is the first spin-allowed
ligand-field excited state. The d* energy matrices for these configurations are shown in
Figure 2.62. It is important to note that the parameter, Dq, only appears in the diagonal elements
of each matrix. Before converting the ¢* matrices to the d° matrices, it is important to know how
the value of Dq for each diagonal element is determined.

Using a simple d-orbital picture in an octahedral field, we know this gives rise to two sets
of orbitals, the triply degenerate £ set and the doubly degenerate e;” set which are barycentered
at -4Dq and +6Dq, respectively (Figure 2.63). With this information in-hand, it is now a
straightforward process to calculate the values of Dq for any element in the matrix with the prior
knowledge of the electron configuration that gives rise to that element. Each electron contained in
the e,” set will contribute +6Dq to that configuration, while each electron in the £, set will

contribute -4Dq. Referencing to Figure 2.62a, the t§g configuration of the 'A; multi-electronic
term state has a value of -16Dq on the diagonal. This derives from the four electrons in the 72, set
with each electron contributing -4Dq, (4e{2 g) * (—4Dq) = —16Dq. Extending this to the second
configuration in the !A; energy matrix, tgg ey, the three 1, electrons will contribute -4Dq each and
the one e, electron will contribute +6Dq, (3e, g) * (—4Dq) + (1egg) * (+6Dq) = —6Dq. With

this simple method, the value of Dq can be calculated for each diagonal element.
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Figure 2.63. Energetics of the d-orbital manifold as a free-ion, in a spherically symmetric field,
and with six point charges in a cubic octahedral field showing the displacement of the orbital sets
from the barycenter.

Transitioning to a d® electron count from @*, the same matrices are used as the two electron
configurations are related by 10-n. To convert the d* matrix to d°, all that is required is to change
the sign of Dq on the diagonal for each element. The validity of this approach can be shown by
using the hole-formalism. Counting the “holes” in each orbital set converts to populated electrons
in the corresponding 10-n electron configuration. This approach is shown using the 'A; matrix
from Figure 2.62a to give the corresponding d® configurations shown Figure 2.64a. From these,
one can see that the last configuration, #2,%, corresponds to the ground-state electron configuration
for a low-spin d® metal and would give a value of -24Dq, and is the expression needed for the
analysis. The same treatment will be used on the configurations giving rise to the !T; term state
(Figure 2.64b). The values of B and C remain unchanged in this treatment. Using the expressions
for the configurations of interest and ensuring that the sign of Dq has been switched for d°, the
diagonal expression for the energy of 'A;—!T; transition can be derived (Figure 2.64c). Though
this example worked only with two of the energy matrices for the d* configuration and one ligand-
field transition, this can be extended to any d-configuration as well as any ligand-field transition

of interest.
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Figure 2.64. Using the hole-formalism (a) Conversion of the 'A; d* configurations to the
corresponding d° (b) Conversion of the ' T d* configurations to the corresponding d° (¢) Derivation
of the diagonal expression for the energy of the !A1—!T transition energy.
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CHAPTER 3: SYNTHETIC DECONVOLUTION OF THE CHARGE-TRANSFER
MANIFOLD OF [FE(DCPP)]*": EFFECTS OF DELOCALIZATON ON MLCT
CHARACTER.
3.1 Introduction

As discussed in chapter 1, our group originally set out to synthesize an Fe(II) chromophore
with a highly symmetric coordination environment such that we could collapse the ligand-field
manifold and slow the deactivation from the charge-transfer excited state in order to prolong its
lifetime. The complex, [Fe(dcpp)2]*" (where depp is 2,6-di(2-carboxypyridyl)pyridine), was
synthesized and its ground- and excited-state properties, and the underlying electronic structure
have been subsequently studied in-depth.!* Though succeeding in the synthesis of a nearly perfect
octahedral complex, [Fe(dcpp)2]*" showed faster excited-state decay dynamics, contrary to
expectation, possessing a ground-state recovery lifetime of 280 ps and an MLCT lifetime of 76
fs,!2 a ground-state recovery lifetime approximately 4-times shorter than that of [Fe(bpy)s]**
(where bpy is 2,2-bipyridine).> An in-depth analysis of this behavior can be found in the
dissertation of Dr. Monica Carey and is outside the scope of the present work.® Seeing as the MLCT
lifetime was shortened with this new complex, various ways to attempt to extend it were envisioned
while maintaining the almost ideal octahedral coordination environment.

To that end, inspiration was taken from the ruthenium literature in which by appending
various aromatic substituents to the backbone of bpy and terpyridyl systems, an increase in the
MLCT lifetime was observed.””® This is due in part to the delocalization of the wavefunction in
the charge-transfer state. By extending the wavefunction, one can imagine decoupling of the metal
and ligand during the MLCT excitation extending the lifetime. Though this route did not have the

effect that we had originally set out to accomplish with the extension of charge-transfer lifetimes,
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we were now able to begin to dissect the MLCT manifold as a function of substitution of
[Fe(dcpp)2]** using synthetic and computational chemistry.

3.2 Experimental

3.2.1 Synthesis

General. All reaction and spectroscopic solvents were obtained from Sigma Aldrich Chemical Co.
and used without further purification unless otherwise stated. Dry THF, MeCN, and DCM were
obtained from a Solvtek solvent drying system using neutral alumina. Unless otherwise noted, all
reactions were conducted either using standard Schlenk techniques or in an inert atmosphere glove
box (nitrogen-filled, Vacuum Atmospheres). Chelidamic acid monohydrate (CAH), KPFs, and
Phenylboronic acid (PhB(OH),) were obtained from TCI Chemicals. Fe(BF4)226H>0, 1.6 M n-
BulLi, acetyl chloride, and Pd(dppf)Cl.*DCM, were obtained from Sigma Aldrich Chemical Co. 2-
Bromopyridine was obtained from Sigma Aldrich Chemical Co. and was distilled from KOH and
activated carbon under reduced pressure before use and stored over KOH pellets. Sodium Iodide
was obtained from Fischer Scientific. 4-lodo-2-chloropyridine (4-I-2CIPy) was obtained from
Oakwood Chemicals. p-Tolylboronic acid (p-TolB(OH)2) was obtained from Matrix Scientific. 4-
Bromo-2,6-lutidine was obtained from Combi-Blocks. 4-pyridylboronic acid pinacol ester (4-
PyBPin) was obtained from Boron Molecular. Potassium dichromate (K.Cr.O7) and
triphenylphosphine (PPh3) were obtained from Alfa Aesar. NMR spectra were collected in the Max
T. Rogers NMR Facility of Michigan State University on an Agilent 500 MHz spectrometer or a
Bruker 500 MHz spectrometer; spectra were referenced internally to the residual solvent peak of
CDCI3, CD3CN, DMSO-ds, or (CD3)CO which were obtained from Cambridge Isotopes.
Elemental analyses were obtained through the analytical facilities at Michigan State University on

samples that had been ground in a vial and stored under vacuum overnight prior to analysis. Diethyl
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4-chloro-chelidimate (CI-DEP)!°, diethyl 4-iodo-chelidimate (I-DEP),! diethyl 4-(4-
cyanophenyl)-2,6-pyridine  dicarboxylate,'> 4-phenyl-2-chloropyridine,'*  2,6-dimethyl-4,4'-
bipyridine,'* depp,! and [Fe(dcpp)2](PFs)2!+1> were all prepared by literature methods.
2-iodo-4-phenylpyridine. To a flame dried flask was added 1.000 g of 2-chloro-4-phenylpyridine
(5.27 mmol, 1.0 eq), 7.904 g of Nal (52.7 mmol, 10 eq), and 9 mL of MeCN. This stirred for 30
minutes protected from light under N,. To this yellow suspension, 0.75 mL of acetyl chloride
(10.55 mmol, 2.0 eq) were added dropwise affording a bright orange suspension. The reaction was
heated to reflux protected from light and tracked by NMR. After 24 hours, consumption of the
starting material was complete. A 10% K2COs solution was added until the reaction was basic by
pH paper. Excess saturated Na>S>03(.q) solution was added as well. The cloudy suspension was
transferred to a separatory funnel and 50 mL of DCM was added and the layers separated. The
aqueous layer was extracted with DCM (3 x 25 mL). The organic layers were all combined and
dried over NaxSQyg, filtered, and evaporated to afford a brown oil. The crude was purified on silica
with 10:1 hexanes/EtOAc to give a white solid. Yield: 1.206 g, 81%. '"H NMR (500 MHz, CDCl5):
0 8.40 (d,J=5.3 Hz, 1H), 7.95 (d, J = 1.7 Hz, 1H) 7.62-7.56 (m, 2H) 7.53-7.45 (m, 4H).

Diethyl 4-phenyl-2,6-pyridine dicarboxylate (Ph-DEP). In a glove box, 1.500 g of I-DEP (4.3
mmol, 1.0 eq), 0.681 g of phenylboronic acid (5.6 mmol, 1.3 eq), 1.781 g of Cs,CO3 (5.5 mmol,
1.3 eq), 177 mg of Pd(dppf)Cl.sDCM (0.21 mmol, 5mol%), and 9 mL of dry 1,4-dioxane were
combined. The reaction was heated to 80°C under N> and was followed by TLC. After 18 hours it
was cooled to room temperature and the dioxane was removed. The red residue was taken into 100
mL of EtOAc. The organic layer was washed with H>O (2 x 50 mL) and brine (60 mL). The EtOAc
layer was dried over MgSOQys, filtered, and evaporated. The crude product can either be purified by

column chromatography on silica with 30% EtOAc/hexanes or recrystallized from hot EtOH and

100



placed in the freezer. Yield: 1.097g, 85%. 'H NMR (500 MHz, CDCls): & 8.52 (s, 2H), 7.79-7.73
(m, 2H), 7.58-7.47 (m, 3H), 4.52 (q, J= 7.1 Hz, 4H), 1.48 (t,J = 7.1 Hz, 6H).

Diethyl 4-(p-tolyl)-2,6-pyridine dicarboxylate (pTol-DEP). This compound was synthesized
with a variation of a literature procedure.*!'® In a glove box, 2.227 g of I-DEP (6.4 mmol, 1.0 eq),
1.128 g of p-tolylboronic acid (8.3 mmol, 1.3 eq), 2.645 g of Cs2COs3 (8.3 mmol, 1.3 eq), 265 mg
of Pd(dppf)Cl.eDCM (0.31 mmol, 5mol%), and 12 mL of dry 1,4-dioxane were combined. The
reaction was heated to 80°C under N> and was followed by TLC. After 36 hours it was cooled to
room temperature and the dioxane was removed. The red residue was taken into 100 mL of EtOAc.
The organic layer was washed with H>O (2 x 50 mL) and brine (60 mL). The EtOAc layer was
dried over MgSQy, filtered, and evaporated. The crude was columned on silica with 2% EtOAc in
DCM and then recrystallized from EtOH and adding hexanes until cloudy and placing in the
freezer to yield light pink needles. Yield: 1.213 g, 61%. '"H NMR (500 MHz, CDCI3): 8 8.50 (s,
2H), 7.67 (d, J=8.0 Hz, 2H), 7.34 (d, /= 7.9 Hz, 2H), 4.52 (q, /= 7.1 Hz, 4H), 2.44 (s, 3H), 1.48
(t,J=17.1 Hz, 6H).

4,4'-bipyridine-2,6-dicarboxylic acid. This compound was synthesized using a modification of
literature procedure.!” To a round bottom flask was added 2.000 g of 2,6-dimethyl-4,4'-bipyridine
(10.86 mmol, 1.0 eq) and 25 mL of 98% H2SO4. The suspension was stirred until complete
dissolution of the ligand. To this was added 12.774 g of K2Cr2O7 (43.4 mmol, 4.0 eq) in small
portions so that the temperature of the reaction was maintained between 70-80°C over the course
of 1.5 hours. After complete addition the green solution was allowed to cool to room temperature
and was then poured over 300 mL of ice. The green suspension was filtered to afford a yellow
powder which was washed with copious amounts of water, acetone, and diethyl ether. It was dried

under vacuum overnight with P>Os to yield a light seafoam powder. Yield: 1.772 g, 67%. 'H NMR
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(500 MHz, DMSO-ds): 6 13.60 (broad singlet, 1H), 8.76 (dd, J = 5.6, 2.9 Hz, 2H), 8.55 (s, 2H),
7.95 (dd, J=5.6, 2.9 Hz, 2H).

Diethyl 4,4'-bipyridine-2,6-dicarboxylate (4-Py-DEP). This compound was synthesized using a
modification of a literature procedure.'® In a flame-dried round bottom flask was added 1.700 g of
4,4'-bipyridine-2,6-dicarboxylic acid (7.0 mmol, 1.0 eq) and 30 mL of SOCl,. The green
suspension was brought to reflux with a CaCl, drying tube for 24 hours. The light green suspension
was cooled to room temperature and the excess SOCl; was distilled under vacuum. The green
residue was suspended in anhydrous DCM and was added slowly to 100 mL of anhydrous EtOH
at 0°C and was allowed to stir for 1 hour at room temperature. The reaction was brought to reflux
for 30 hours during which a yellow solution was afforded. It was cooled to room temperature and
a saturated NaHCO3(aq) solution was added until the pH was basic. It was extracted with DCM (3
x 50 mL). The combined organics were dried over MgSOs, filtered, and evaporated to yield a light
peach colored powder. Yield: 1.370 g, 66%. 'H NMR (500 MHz, CDCls): & 8.83-8.78 (m, 2H),
8.53 (s, 2H), 7.68-7.63 (m, 2H), 4.53 (q, J=7.1 Hz, 4H), 1.48 (t, /= 7.1 Hz, 6H).
2,6-di(2-carboxypyridyl)-4-phenylpyridine (dcpPhp). This compound was prepared
analogously as dcpp with modification of the published procedure.! In a flame dried flask were
added 0.35 mL of 2-bromopyridine (3.7 mmol, 2.2 eq) and 50 mL of anhydrous THF. This solution
was cooled to -78°C and 2.3 mL of 1.6 M n-BuLi (3.7 mmol, 2.2 eq) were added dropwise over 20
min. After completion of the addition the yellow solution stirred for an additional 15 min at -78°C.
A 20 mL THF solution containing 0.502 g of diethyl 4-phenyl-2,6-pyridine dicarboxylate (1.7
mmol, 1.0 eq) was added dropwise via a 22G cannula over 40 minutes. The reaction changed from
yellow to orange. After the addition the reaction stirred for an additional 30 minutes before being

quenched by the addition of 4 mL of methanol. The reaction was allowed to warm to room
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temperature and stir overnight. The THF was evaporated, and the residue was taken into 40 mL of
10% HCI. The aqueous layer was extracted with 20 mL of DCM. The acidic layer was basified
with 5 M NaOH. This was extracted with DCM (4 x 30 mL). The combined organics were dried
over MgSOs, filtered and evaporated. Yield: 313 mg, 52%. 'H NMR (500 MHz, CDCls) § 8.77
(dt, J=4.8, 1.3 Hz, 2H), 8.53 (s, 2H), 8.22 (dd, /= 7.8, 1.1 Hz, 2H), 7.84 — 7.77 (m, 4H), 7.59 —
7.51 (m, 3H), 7.47 (ddd, J= 7.8, 4.7, 1.2 Hz, 2H).
2,6-di(2-carboxypyridyl)-4-(4-cyanophenyl)pyridine (dcpCNPhp). In a flame-dried round
bottom flask was added 0.27 mL of 2-bromopyridine (2.8 mmol, 2.2 eq), and it was cooled to 0°C.
To this was added 2.2 mL of 1.3 M ‘PrMgCI-LiCl (2.8 mmol, 2.2 eq) dropwise over 20 minutes.
The yellow solution warmed to room temperature and stirred for 1 hour. It was then cooled to
-78°C and a solution of 412 mg of diethyl 4-(4-cyanophenyl)-2,6-pyridine dicarboxylate (1.3
mmol, 1.0 eq) in 20 mL of THF was added dropwise over 30 minutes. The brown suspension
turned bright red immediately. The red suspension was allowed to warm to room temperature and
stir overnight. To this was added 3 mL of saturated NH4Clq) and the deep red solution turned
purple. It stirred for 3 hours. The THF was evaporated, and the purple residue was taken into 30
mL of 10% HCI. The aqueous layer was extracted with DCM (1 x 10 mL). The acidic layer was
then basified with 5 M NaOH and was extracted with DCM (3 x 50 mL). The combined organics
were dried over MgSQOy, filtered, and evaporated to afford a light-yellow powder. It was further
purified on silica with 4% EtOH/DCM. Yield: 300 mg, 61%. 'H NMR (500 MHz, CDCls) & 8.77
(ddd, J=4.8, 1.7, 0.9 Hz, 2H), 8.50 (s, 2H), 8.24 (dt, J = 7.8, 1.1 Hz, 2H), 7.93 — 7.89 (m, 2H),
7.89 —7.80 (m, 4H), 7.49 (ddd, J = 7.6, 4.7, 1.2 Hz, 2H).
2,6-di(2-carboxy-4-phenylpyridyl)pyridine (dcPhpp). This compound was prepared

analogously as dcpp with modification of the published procedure.! In a flame-dried round bottom
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flask was added 1.000 g of 2-iodo-phenylpyridine (3.6 mmol, 2.2 eq) and 25 mL of THF. This was
cooled to -78°C and 2.2 mL of 1.6 M n-BuLi (3.6 mmol, 2.2 eq) were added over 35 minutes. The
solution instantly turned red. It stirred for an additional 10 minutes. A 10 mL THF solution
containing 0.361 g of diethyl picolinate (1.6 mmol, 1.0 eq) was added dropwise to the red solution
via a 22G cannula over 40 minutes. The reaction stirred for 2 hours at -78°C. The red solution
slowly darkened to brown. 3 mL of MeOH were added at -78°C and the reaction was allowed to
warm to room temperature and stir overnight. The reaction was concentrated to ~5 mL and 50 mL
of 10% HCl and 15 mL of hexanes were added. The acidic layer was washed with 30 mL of DCM.
The acidic layer was basified with 5 M NaOH and was extracted with DCM (3 x 50 mL). The
combined organics were dried over MgSO4, filtered, and evaporated to yield an orange oil. Upon
sonication with diethyl ether the oil solidified into a pale orange powder. Yield: 230 mg, 33%. 'H
NMR (500 MHz, CDCls) 6 8.49 (d, J= 5.0 Hz, 2H), 8.38 (s, 2H), 8.36 — 8.32 (m, 2H), 8.16 (t, J =
7.8 Hz, 1H), 7.55 — 7.42 (m, 12H).

2,6-di(2-carboxy-4-phenylpyridyl)-4-p-tolypyridine (dcPhpTp). This compound was prepared
analogously as dcpp with modification of the published procedure.! To a 100 mL round bottom
flask was added 600 mg of 2-iodo-4-phenylpyridine (2.1 mmol, 2.2 eq) and 40 mL of dry THF.
The solution was cooled to -78°C and 1.34 mL of 1.6 M n-BuLi (2.1 mmol. 2.2 eq) were added
dropwise over 20 minutes affording a bright red-orange solution. This stirred for an additional 10
minutes. A 20 mL THF solution containing 304 mg of pTol-DEP (0.97 mmol, 1 eq) were added
dropwise over 1 hour via a 22G cannula. The purple solution stirred for an additional 1 hour at
-78°C before being quenched with 3 mL of MeOH. The reaction was allowed to warm to room
temperature and stir overnight. The resulting brown solution was evaporated, and the crude residue

was purified on silica gel with 20% EtOAc/DCM eluting as the 2" band. The combined fractions
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were then dissolved in minimal EtOAc and hexanes was added until cloudy to precipitate a pale
orange solid. Yield: 150 mg, 30%. '"H NMR (500 MHz, CDCl5) & 8.59 (s, 2H), 8.47 (d, J= 5.1 Hz,
2H), 8.35 (d, J=1.9 Hz, 2H), 7.74 (d, /= 8.2 Hz, 2H), 7.54 — 7.41 (m, 12H), 7.37 (d, J= 8.1 Hz,
2H), 2.46 (s, 3H).

2,6-di(2-carboxypyridyl)-4-(4-pyridyl)pyridine (pyper). This compound was prepared
analogously as dcpp with modification of the published procedure.! In a flame dried flask were
added 0.7 mL of 2-bromopyridine (7.3 mmol, 2.2 eq) and 40 mL of anhydrous THF. This solution
was cooled to -78°C and 4.6 mL of 1.6 M n-BuLi (7.3 mmol, 2.2 eq) were added dropwise over 30
min. After completion of the addition the yellow solution stirred for an additional 15 min at -78°C.
An 80 mL THF solution containing 1.000 g of diethyl 4,4'-bipyridine-2,6-dicarboxylate (3.3 mmol,
1.0 eq) was added dropwise via a 22G cannula over 40 minutes. The reaction changed from yellow
to orange. After the addition the reaction stirred for an additional 2 hours before being quenched
by the addition of 3 mL of methanol. The reaction was allowed to warm to room temperature and
stir overnight. The reaction was concentrated by ~75% and 100 mL of 10% HCI were added in
addition to 50 mL of hexanes to help promote separation. The aqueous layer was extracted with
20 mL of DCM. The acidic layer was basified with 5 M NaOH. This was extracted with DCM (3
x 50 mL). The combined organics were dried over MgSQg, filtered and evaporated. The beige
residue was recrystallized from minimal EtOAc and adding hexanes until cloudy and placed in the
freezer overnight. Yield: 313 mg, 52%. '"H NMR (500 MHz, CDCls) & 8.82 (d, J = 6.0 Hz, 2H),
8.77 (d, J=5.2 Hz, 2H), 8.53 (s, 2H), 8.23 (s, 2H), 7.83 (td, /= 7.8, 1.8 Hz, 2H), 7.69 (d, J=5.9
Hz, 2H), 7.48 (dd, J=4.8, 2.9 Hz, 2H).

[Fe(depPhp)2](PFe)2. In an N; purged flask, 61 mg of depPhp (0.17 mmol, 2.3 eq) were dissolved

in 5 mL of dry still MeCN. To this was added 24 mg of Fe(BF4)2¢6H>0 (0.07 mmol, 1.0 eq). The
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yellow solution turned dark blue instantly. It was heated to 65°C for 24 hours. The reaction was
then cooled to room temperature and the solvent removed in vacuo. The crude reaction was
columned on silica eluting with 9:1 MeCN/KNOs@q). The collected fractions were combined and
concentrated and saturated KPFs.q was added to precipitate a dark blue solid. The solid was
filtered and washed with H>O and diethyl ether. Yield: 30 mg, 38%. '"H NMR (500 MHz, acetone-
ds) 6 8.76 (s, 4H), 8.37 (td, J= 7.6, 1.4 Hz, 4H), 8.21 (dd, J= 7.9, 1.5 Hz, 14H), 8.17 — 8.11 (m,
8H), 7.71 — 7.64 (m, 6H), 7.50 (ddd, J = 7.6, 5.8, 1.6 Hz, 4H). 3C NMR (126 MHz, CD3CN) §
181.59, 161.82, 159.93, 159.78, 153.89, 141.87, 135.00, 132.88, 130.85, 130.05, 129.14, 129.03,
128.67. Elemental Analysis: Calc’d (%): C, 51.32; H, 2.81; N, 7.81. Found: C, 51.65; H, 2.65; N,
7.35.

[Fe(dcPhpp)2]1(PFe)2. In an N> purged flask, 96 mg of dcPhpp (0.21 mmol, 2.3 eq) were suspended
in 5 mL of dry still MeCN. To this was added 30 mg of Fe(BF4)2¢6H>0 (0.09 mmol, 1.0 eq). The
yellow solution instantly turned a dark green. It was heated to 65°C for 24 hours. The dark solution
was cooled to room temperature and concentrated slightly before diethyl ether was added to
precipitate a grey/purple solid. The crude was columned on silica eluting with 7:1 MeCN/KNO3(aq).
The collected purple fractions were combined and saturated KPFs.q) was added to precipitate a
purple solid. The solid was filtered and washed with H,O and diethyl ether. Yield: 48 mg, 44%. 'H
NMR (500 MHz, acetone) & 8.82 (t, J= 7.8 Hz, 2H), 8.54 (d, /= 7.8 Hz, 4H), 8.50 (d, /= 2.2 Hz,
4H), 8.18 (d, J= 6.1 Hz, 4H), 7.97 (dd, J=7.1, 2.3 Hz, 8H), 7.83 (dd, J= 6.1, 2.2 Hz, 4H), 7.66 —
7.59 (m, 12H). *C NMR (126 MHz, CD3;CN) § 181.39, 161.77, 160.10, 159.92, 153.20, 142.39,
135.10, 132.68, 132.13, 130.75, 128.53, 126.63, 126.27. Elemental Analysis: Calc’d (%): C, 56.69;

H, 3.12; N, 6.84. Found: C, 56.82; H, 2.84; N, 6.46.
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[Fe(dcPhpTp):2](PFs)2. In an N, purged flask, 41 mg of dcPhpTp (0.07 mmol, 2.2 eq) were
dissolved in 6 mL of dry MeCN. To this yellow solution was added 9 mg of Fe(BF4),*6H>0 and
the solution turned black instantly. The reaction was gently heated to 50°C for 18 hours and then
cooled to room temperature. Upon cooling precipitation of a fine powder began. EtoO was added
to fully precipitate a dark blue solid. The solid was filtered and washed with Et;O. The crude
powder was dissolved in minimal MeCN (~25 mL) and a saturated solution of KPFs(q) was added
to metathesize the complex. The precipitate was filtered and washed with H>O and Et,O and then
additionally purified on Bio-Beads S-X1 with 6:4 toluene/MeCN. Yield: 23 mg, 48%. 'H NMR
(500 MHz, CD3CN) & 8.63 (s, 4H), 8.39 (d, J = 2.1 Hz, 4H), 7.96 — 7.91 (m, 4H), 7.90 — 7.85 (m,
8H), 7.68 (d, J = 6.1 Hz, 4H), 7.66 — 7.60 (m, 16H), 7.63 — 7.57 (m, 4H), 2.45 (s, 6H). 3C NMR
(126 MHz, DMSO-ds) 6 180.93, 161.08, 159.45, 159.02, 150.43, 150.35, 141.97, 133.76, 131.47,
130.72, 130.46, 129.66, 127.45, 127.31, 126.42, 124.72, 123.82, 20.97. Elemental Analysis:
Calc’d (%): C, 61.38; H, 3.58; N, 5.96. Found: C, 61.76; H, 3.24; N. 5.59.

[Fe(depCNPhp)2](PFe)2. In an N, purged flask, 96 mg of dcpCNPhp (0.21 mmol, 2.2 eq) were
suspended in 5 mL of dry still MeCN. To this was added 30 mg of Fe(BF4)2*6H>0 (0.09 mmol,
1.0 eq). The yellow solution instantly turned a dark green. It was heated to 65°C for 24 hours. The
dark solution was cooled to room temperature and concentrated slightly before diethyl ether was
added to precipitate a grey/purple solid. The crude was columned on silica eluting with 7:1
MeCN/KNO3(aq). Purification on silica with 7:1 MeCN/KNOsq) followed by metatheses with
saturated KPFe(aq) provided the intended product as a dark blue solid. Yield: 30 mg, 30% '"H NMR
(500 MHz, MeCN-ds) 6 8.62 (s, 4H), 8.20 (td, J = 7.6, 1.4 Hz, 4H), 8.12 (d, J = 8.2 Hz, 4H), 8.07
(dd, /=17.9, 1.6 Hz, 4H), 8.00 (d, J = 8.2 Hz, 4H), 7.55 (dd, /= 5.8, 1.3 Hz, 4H), 7.33 (ddd, J =

7.5, 5.7, 1.6 Hz, 4H). 1*C NMR (126 MHz, CD3CN) & 181.32, 161.83, 160.24, 159.58, 152.11,
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142.00, 139.37, 134.50, 130.19, 129.58, 129.14, 118.99, 115.72 Elemental Analysis: Calc’d (%):
C, 51.18; H, 2.51; N, 9.95. Found: C, 51.21; H, 2.62; N, 7.46.

[Fe(pyper):](PFs)2. In an N> purged flask was added 53 mg of pyper (0.14 mmol, 2.2 eq) and
15 mL of THF. Under positive pressure, 20 mg of Fe(BF4)226H>0 (0.06 mmol, 1.0 eq) were added
and the reaction instantly turned blue. It was heated to 60°C overnight. The reaction was cooled to
room temperature and filtered. The collected solid was washed with THF (3 x 15 mL) and diethyl
ether. It was redissolved in minimal MeCN and treated with triethylamine to ensure the protonation
state of the complex. Excess KPFs(aq) was added, and the blue precipitate was filtered and washed
with H2O and diethyl ether. Size exclusion chromatography on Bio-Beads S-Xl1with 6:4
toluene/MeCN afforded clean product. X-ray quality single crystals were grown by slow
evaporation of the crude [Fe(pyper)2](BF4): salt from a 6:4 toluene/MeCN solution. Yield: 22 mg,
34%. '"H NMR (500 MHz, CD3CN) & 8.92 — 8.87 (m, 4H), 8.68 (s, 4H), 8.22 (td, J=7.7, 1.3 Hz,
4H), 8.20 — 8.15 (m, 4H), 8.09 (dd, J=7.9, 1.6 Hz, 4H), 7.55 (dd, J= 5.7, 1.4 Hz, 4H), 7.36 (ddd,
J=1.5,5.7,1.6 Hz, 4H). 3C NMR (126 MHz, CD3;CN) & 181.28, 161.84, 160.38, 159.55, 152.16,
151.54,142.50, 142.04, 130.22, 129.54, 129.18, 122.62. Elemental Analysis: Calc’d (%): C, 49.00;
H, 2.62; N, 10.39. Found: C, 48.61; H, 2.55; N, 9.28.

[Fe(Etpyper):](PFe)4: To a flame-dried flask was added 10 mg of [Fe(pyper)2](PFs)2 (0.01 mmol,
1.0eq.) and 5 mL of MeCN. To the blue solution was added ~4 mg of [Et30]BF4 (0.02 mmol, 2.0
eq). The reaction was stirred at room temperature for 40 mins and then heated to 60°C for 1 hour.
The reaction was followed by electronic absorption spectroscopy. At this time, the intended
complex was not isolated but spectroscopic evidence shows that it is most likely mono-alkylated

product that has formed.
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3.2.2 Physical Characterization
X-ray crystal structure determination. Crystals of appropriate size were selected and mounted
on a nylon loop with paratone oil on a XtaLAB Synergy, Dualflex, HyPix diffractometer. The
crystals were kept at a steady 7 = 100.0(2) K during data collection. The structures were solved
with the ShelXT!” solution program using intrinsic phasing or direct methods for twinned data and
by using Olex2 1.3%° as the graphical interface. The model was refined with ShelXL 2018/32! using
full matrix least squares minimization on F2.
Ground-state absorption spectroscopy. All molar absorptivity measurements were collected in
spectrophotometric grade acetonitrile (Sigma Aldrich) in a 1 cm quartz cuvettes on a PerkinElmer
Lambda 1050 dual-beam spectrophotometer at a concentration between 10-30 uM.
Electrochemistry. Electrochemistry was performed using a CH Instruments potentiostat in a
0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs) acetonitrile 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 (DPV) was used
to accurately determine E1. 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.
3.2.3 Computational Methods

All calculations were performed with Gaussian 162 on the Michigan State University High
Performance Computing Center servers. Calculations were performed using either B3LYP,?
B3LYP#*,?* in which the percentage of Hartree-Fock exchange was modified, or TPSSh functionals

in an integral equation formalism variant of the polarizable continuum model (IEFPCM) for

109



acetonitrile. Grimme’s Empirical dispersion correction, D2, was employed on all functionals.? For
geometry optimizations and frequency calculations, a split basis was used with 6-311G(d) for C,
H, N, and O, and the SDD basis and pseudo-potential for Fe. The frequency calculations were
examined for negative frequencies to ensure that a minimum had been found. Time-dependent
DFT (TD-DFT) was performed using the previous functionals and the 6-311G(d) basis set for all
atoms and requesting 40 singlet states. Molecular orbital analysis and decomposition was
performed using AOMix.?%27 Molecular orbitals were visualized using Avogadro with an isovalue
of 0.02.282
3.3 Results and Discussion
3.3.1 Synthesis

The synthesis of the central phenyl and tolyl esters was successfully accomplished through
a Suzuki coupling using [-DEP. Initial attempts using the typical Pd(PPhs)4 as a catalyst and DMF
as solvent employing Hiinig’s Base led to low yields or minimal conversion.'® A more active
palladium catalyst was sought out leading to the use of Pd(dppf)Cl.*DCM in 1,4-dioxane with
Cs2CO;3 as the base.*® These reaction conditions allowed for the facile coupling of the boronic acid
to I-DEP starting material as well as allowing for ease of isolation due to using a more volatile

solvent (Figure 3.1).

ArB(OH),
oH ; . E%C:_:Z/DMF al 1 Nal | Cs,CO4 R
N 3 TEA N 2. CH3COCI N Pd(dppf)Cl,*DCM N
—— fl o
| | MeCN, rt, 4h | Dioxane, 80°C, 18h |

o o . . Z P

HO,C N CO,H EtO,C N CO,Et sonication EtO,C N CO,Et EtO,C N CO,Et
76% 95% R1 =Ph 85%
I-DEP R, = Tolyl 61%

Figure 3.1. General synthetic scheme for the synthesis of phenyl and p-tolylpyridyl diethyl esters.

Attempts at synthesizing diethyl 4,4'-bipyridine-2,6-dicarboxylate did not follow the

reactivity of the phenyl and tolyl esters. Initial attempts at coupling 4-pyridylboronic acid directly
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to I-DEP using the coupling conditions from above led to no conversion. A coupling procedure
that was shown to work for dizert-butyl 4-chloropyridine-2,6-dicarboxylate was attempted with
the use of XPhos Pd G1 and aqueous K3POs4.?! This route unfortunately led to no formation of
product and only decomposition of the I-DEP due to aqueous base most likely catalyzing the
hydrolysis of the ester to the carboxylic acid. An alternative route towards this precursor was
sought in which a literature method for the preparation of the 4,4'-bipyridine derivative had already
been established starting from 4-bromo-2,6-lutidine.'* From this starting material, a Jones
oxidation was carried out to form the dicarboxylic acid followed by synthesis of the diacyl chloride

and reaction with ethanol at reflux led to the moderate yield of 4-Py-DEP (Figure 3.2).

N

N N
B ® |
1. SOCI
= Z 2 =
Br 1. K,Cr,07 4.0 eq 2. DCM/EtOH
2. Ice water .
I N | N | N 3. NaHCO3 | N
P P H,S0Oy4, 70°C, 2h _ 0°C—A, 30h P
N N HO,C N CO,H EtO,C N CO,Et
67% 66%
4-Py-DEP

Figure 3.2. Synthetic protocol for the synthesis of diethyl 4,4"-bipyridine dicarboxylate.

The initial synthesis of 2-halo-4-phenylpyridine was first attempted starting from 2-bromo
pyridine and synthesizing 2-bromo-3-iodopyridine.*? From this intermediate, a halogen dance can
be used to generate 2-bromo-4-iodopyridine. This starting material could then be used in a Kumada
coupling using phenylmagnesium chloride (Figure 3.3a).>? Though this route is an attractive
pathway for the synthesis of 2-bromo-4-phenylpyridine the yield was low across the three steps.
An alternative route was sought using a Suzuki coupling between 4-iodo-2-chloropyridine
followed by a Finklestein halogen exchange. Similar conditions were used as the synthesis for I-
DEP except the substitution required the application of heat for smooth conversion to the intended

2-iodo-4-phenylpyridine (Figure 3.3b).
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Figure 3.3. (a) Initial synthetic scheme to access 2-bromo-4- phenylpyrldme through the use of a
halogen dance followed by a Kumada coupling (b) Synthetic route followed for the synthesis of
2-iodo-4-phenylpyridine.

All of the derivatives of dcpp were synthesized using a modification of the original
procedure, except for dcpCNPhp. The typical procedure for dcpp and its derivatives is lithiation
of a halopyridine using n-BuLi at cryogenics temperatures (Figure 3.4a). This procedure tends to
work well, barring any sensitive functional groups as in dcpCNPhp, which contains the nitrile
moiety which is known for the reactivity of the nitrile carbon. Due to this, the lithiated pyridine
was avoided because of its high nucleophilicity. An alternative route is to use a turbo Grignard,
PrMgCIsLiCl, first prepared by Knochel and coworkers.} The turbo Grignard allows for the facile
metal-halogen exchange as seen with n-BuLi, but due to its decreased nucleophilicity, has been
shown to be compatible with more sensitive functional groups and can be selective based on the

reaction temperature used, which is typically -40°C or higher (Figure 3.4b).
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Figure 3.4. (a) General synthetic procedure for the synthesis of dcpp and aromatic derivatives (b)
Synthetic scheme for the synthesis of dcpCNPhp using a turbo Grignard in place of n-BuLi due to
sensitivity of nitriles.

Unlike the synthesis of [Fe(dcpp)2](PFs)2, the complexation of the derivatives of dcpp were
not as clean or high yielding. Though all the reaction mixtures were dark blue, except for dcPhpp
which was purple, there were green impurities which are attributed to a monoligated complex as
well as unreacted Fe(II) salts. Even with the application of heat the complexations did not progress
further. These impurities could be easily removed though through column chromatography on

silica with 7:1 or 9:1 MeCN/KNO3aq) o1 size exclusion chromatography to afford clean product in

low to moderate yields. The general synthesis of the complexes is shown in Figure 3.5.

[Fe(dcpp)2](PFe)2: R1=Rp=H
[Fe(dcpPhp),](PFg)s: R1=Ph Ry,=H
R [Fe(dcPhpp),](PFg),: R4=H Ry=Ph
! [Fe(dcPhptp),](PFg),: R1=Tolyl R,=Phenyl
[Fe(decpCNPhp),](PFg)2: R4=CNPhenyl Ry=H
[Fe(dcpPyp),](PFe),.: R4= 4-Pyridyl Ry=H

1. Fe(BF4),*6H,0
2. KPFe(aq)

b

MeCN, A, 24h

Figure 3.5. General synthetic route for the complexation of dcpp and its derivatives.
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Attempts at synthesizing the “perphenylated” complex, [Fe(dcPhpPhp):]**, in which each
pyridine has a phenyl substituent was precluded by solubility limitations. As the PFs salt, the
complex is only moderately soluble in common solvents used in photophysical measurements, i.e.,
acetone and acetonitrile. The metathesis to the BPhs did afford increased solubility but would
require all previous complexes to also be metathesized to the corresponding salts. To that end, to
increase the solubility of the complex while having minimal effects on the electronic structure the
ligand 2,6-di(2-carboxy-4-phenylpyridyl)-4-p-tolypyridine (dcPhpTp) was synthesized. The
addition of the methyl group on the central ring afforded sufficient solubility as a PF¢ salt in our
commonly used solvents for purification as well as photophysical measurements. While possessing
higher solubility, it still has lower solubility than the other derivatives. This was used to our benefit
in the complexation, as the only moderately soluble complex, upon cooling, precipitates from the
acetonitrile while leaving most impurities in solution. The product can then be metathesized and
columned on Bio-Beads S-X1 to help remove excess salt from the metathesis.

The complexation of pyper to iron(Il) proceeded smoothy upon switching solvents to THF.
In this solvent the solubility is reduced allowing for precipitation of the intended product. The
crude is then able to be filtered and washed with additional THF to remove unreacted ligand and
the green impurities. The complex can then be treated with triethylamine to ensure the fully
deprotonated complex and metathesized to the intended PF¢ salt and size-exclusion
chromatography was sufficient to provide clean sample for all additional studies.

An initial attempt at the synthesis of alkylated pyper, [Fe(®'pyper):](PF¢)4, was attempted
using triethyloxonium as the alkylating agent. By NMR, the spectrum alludes to only mono-
alkylation of the pendant pyridine and not dialkylation as was expected. This in part could be due

to the decomposition of the alkylating agent as alkyloxonium salts are extremely hygroscopic and
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reactive. An alternative route, instead of chemistry on the complex, would be to prepare the
alkylated ligand first and then bind it to Fe(II). The worry with this particular route is that the depp
ligand is already very electron-poor leading to poor binding to the Fe(I) center. Pulling more
electron density out of the main ligand could further impede this complexation.
3.3.2 X-ray Crystallography

All complexes in the series maintained the nearly perfect octahedral geometry about the
metal center with average bond lengths and angles shown in Table 3.1 for each complex that x-ray
quality single crystals could be grown. The similar geometry between each complex creates an
isostructural series in which we can now freely compare between complexes for the changes in
electronic structure without the need to account for deviations from the parent complex’s
coordination environment. The overlay of the new complexes and comparison to the parent

complex are shown in Figure 3.6.

Table 3.1. Comparison of Bond lengths and angles of [Fe(dcpp)2](PFs)2 to the axial and peripheral
phenyl substituted derivatives

Complex Average Average  Average Cis Average Trans
Fe-N,  (A)  Fe-N, (A)  Angle(®) Angle(®)
[Fe(dcpp),]1(PFg), 1.965 1.982 88.8 177.9
[Fe(dcpPhp),](PF), 1.953 1.988 90.1 177.7
[Fe(dcPhpp),](BF,), 1.961 1.977 90.0 179.4
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Figure 3.6. Overlay of [Fe(dcpp)2]*" crystal structure with (a) The crystal structure of
[Fe(dcpPhp).]*>* and (b) The crystal structure of [Fe(dcPhpp):]** showing the isostructural nature
of the derivatives. Anions, solvent, and hydrogens have been removed for clarity.
[Fe(dcPhp):](PFs)2: The complex crystallizes in the P21/c space group with one complex in the
asymmetric unit in addition to one acetonitrile within the lattice. The crystal was twinned by 29%
with component two rotated by -179.95° about the a-axis in reciprocal space.
[Fe(dcPhpp):](BF4):: This complex crystallizes in P21/c with one complex in the asymmetric unit
with one acetonitrile and a disordered molecule of acetone on a symmetry site with an occupancy
set to be 0.5. There is one rotationally disordered BF4 anion in the lattice. The occupancy of the
fluorines were refined to 0.35:0.65 such that the total occupancy was unity.
[Fe(dcpCNPhp).](BF4):: This derivative crystallizes in the P2;/c space group with two complexes
in the asymmetric unit along with five acetonitriles and 0.5 molecules of DCM. There is one

translationally disordered BF4 anion in the lattice and the occupancy was refined as 0.47:0.53 such

that the total occupancy was unity.
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[Fe(pyper):](BF4):: The pyridyl-dcpp derivative crystallizes in the P21/n space group. There is one
complex in the asymmetric unit cell. Attempts at crystallizing the fully deprotonated complex were
unsuccessful but x-ray quality single crystals were grown from the crude reaction mixture as the
BF4 salt from slow evaporation of a 6:4 toluene/MeCN solution. The complex crystallized as the
monoprotonated ligand whereby a proton is shared between two complexes in the grown structure.
This is due to trace acid present in the Fe(BF4),°6H>0O starting material. This gives a formulation
for the crystallized complex as [Fe(pyper)(Hpyper)](BF4)s. The quality of the data allowed for the
refinement of the position of the hydrogen on the pendant pyridine. Within the asymmetric unit
are three BF4 anions all of which are rotationally or translationally disordered. The occupancies
of the anions were refined as follows: 0.71:0.29, 0.86:0.14, and 0.66:0.34, such that the total
occupancy for each anion was unity. In addition to this disorder, there was appreciable solvent
disorder in the lattice necessitating a solvent mask to be used. A solvent mask was calculated, and
168 electrons were found in a volume of 658 A in 2 voids per unit cell. This is consistent with the
presence of 0.6 molecules of toluene and 0.5 molecules of acetonitrile per asymmetric unit which
account for 164 electrons per unit cell.

3.3.3 Experimental and Computational Results

3.3.3.1 [Fe(dcpp)2]**

The initial thrust for this research was to better understand the unique electronic structure
of [Fe(dcpp)2](PFs)2. The complex exhibits a broad and low energy metal-to-ligand charge transfer
(MLCT) manifold corresponding to 'A; — '"MLCT with multiple transitions present across the
visible (Figure 3.7) as opposed to the most commonly studied complex, [Fe(bpy)s]** (where bpy

is 2,2'"-bipyridine), which by comparison has a narrow absorption with two main transitions.
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Figure 3.7. Ground-state electronic absorption spectra of [Fe(dcpp):](PFs)2 (blue) and
[Fe(bpy)3](PFs)2 (black) in acetonitrile.

To begin understanding the nature of these transitions for [Fe(dcpp)2]*>* we turned to computational
chemistry for insight. The initial modeling of this complex had been done by the Jakubikova group,
utilizing the widely used B3LYP functional with included empirical dispersion corrections.*** This
functional reproduced the crystallographic bond distances of the complex well pushing for its
continued use to model this class of complexes. An aspect that had not been looked at was the
ability of the functional to accurately reproduce the ground-state electronic absorption spectrum
using TD-DFT. Using B3LYP+D2/SDD/6-311G(d) to optimize the ground-state geometry and
then requesting TD-DFT calculations to be run with the 6-311G(d) basis set on all atoms showed
a short coming for this functional formulation (Figure 3.8). Though accurate for the geometry, the
energetics and the overall absorption profile dramatically differ from the experimental spectrum
recorded. The hypsochromic shift of the lowest energy MLCT transition is on the order of 105 nm
(0.42 eV, 3420 cm™!) and shows two intense absorptions instead of the natural progression to lower
molar absorptivity at shorter wavelengths. The difference between the two spectra is on the cusp

of what is considered an acceptable deviation from experimental, 0.5 eV. To that end, we sought
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to determine a better functional that would allow us to more accurately reproduce our experimental

spectrum so that we could glean deeper insights into the excited-state properties of [Fe(dcpp)2]>*.
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Figure 3.8. Comparison of the experimental (blue) and calculated (dashed black) ground-state
electronic absorption spectrum of [Fe(dcpp)2]*>* in acetonitrile using the B3LYP functional with
20% Hartree-Fock Exchange and a FWHM of 900 cm'!.

The first functional tested while using the SDD (Stuttfard/Dresden effective core potential)
basis set and pseudopotential on iron and 6-311G(d) for all other atoms for optimization/frequency
calculations and using 6-311G(d) for TD-DFT was TPSSh. This hybrid functional has been used
in the modeling of other ferrous complexes with great success on reproducing geometric and
energetic properties.®> As shown in Figure 3.9a, there is a much better energetic match for the
MLCT manifold that is being modeled compared to the experimental, but as with B3LYP the main
features of the three transitions across the charge transfer are not as pronounced as the experimental
spectrum, but are in much better agreement energetically. This difference in energetic matching as
well as structure of the charge transfer begins to beg the question; what is the driving force for the

dramatic bathochromic shift between these two functionals? One of the most common parameters
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that is modified is the Hartree-Fock exact exchange, EZF. Various tunings of EYF have been
proposed for octahedral Fe(Il) complexes with mixings of 0%, 15%,3” and 30-50%.3% In the case
of B3LYP, the exchange is set at 20% whereas for TPSSh this value is 10%. This led us to believe
that if we could use the B3LYP functional that gives satisfactory geometric agreement but modify
it so that the EXF more closely matches TPSSh we may be able to reliably match the simulated
and experimental spectra. For this, 3 different percentages of Hartree-Fock exchange were used:
20% (standard), 15%, and 10% (exact exchange for TPSSh). The variations in the simulated

absorption spectra versus the experimental spectrum are shown in Figure 3.9b.
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Figure 3.9. Comparison of (a) Experimental (solid blue) and calculated (green dash) spectrum of
[Fe(dcpp)2]** using TPSSh+D2/6-311G(d) and (b) Experimental and calculated spectra of
[Fe(dcpp)2]** using B3LYP+D2/6-311G(d) with 20% (black dash), 15% (red dash) and 10%
(purple dash) Hartree-Fock Exact Exchange. All spectra are in acetonitrile and simulated spectra
are modeled with a FWHM of 900 cm'!.

This shows that as the percentage of exact exchange is decreased the spectrum shifts to lower
energy. From this energetic variation and the overall MLCT manifold shape, the optimal
percentage of exact exchange for this system is near 15% , and for our studies this is the percentage

that will be used. The lowest energy charge-transfer transition is now blue-shifted by only 20 nm
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(0.07 eV, 565 cm™) and the overall profile is in very good agreement with experimental, though
more compressed. Shown in Figure 3.10 is the comparison of the calculated and experimental
spectra using B3LYP15 including the individual transitions comprising the manifold. Inspection
of the molecular orbitals involved in the transitions allows for the determination that this is indeed

an MLCT manifold as known from experiment.
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Figure 3.10. Comparison of the experimental (blue) and calculated (black) MLCT spectrum of
[Fe(dcpp)2]** with individual transitions shown as black sticks on the calculated spectrum. FWHM
is set to 900 cm™! for the calculated spectrum.

Using the program AOMix?® we can also quantitatively assign the nature of a transition
based on percentage of molecular orbital contributions, but also begin to create a clearer picture of

how these transitions manifest spatially within the molecule and what are important factors

governing the nature of the charge transfer. To begin to do this, the complex of interest must be
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divided into fragments such that the contributions of the individual fragments to the total molecular
orbital can be analyzed. [Fe(dcpp)2]** has been divided into the fragments shown in Figure 3.11a.
How to create the fragmentation schemes can be found in the AOMix manual as well as a recent

publication by the Jakubikova group.*®
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Figure 3.11. (a) Fragmentation scheme of [Fe(dcpp):]** and its derivatives used for decomposition
of molecular orbital contributions using AOMix (b) Orbital decomposition of [Fe(dcpp)2]*" by
AOMix and percent character of the representative fragments.

This fragmentation scheme follows what is believed to be the important features of the complex
as well as what regions of the molecule are involved during the MLCT transition as determined
from the orbitals involved from the initial TD-DFT analysis in Figure 3.10. The first three highest
occupied molecular orbitals (HOMOs) are all shown to be high in iron character leading to the
assignment of them being the metal-based 2, orbitals, assuming O, symmetry (Figure 3.11b). The
unoccupied orbitals are largely ligand-based with minimal metal character. Inspection of these

orbitals also shows a uniform distribution of orbital parentage suggesting a fairly symmetric

excited state.

122



3.3.3.2 Effects of Phenyl Substitutions

We now turn our sights to the substitution of phenyl groups onto the periphery of the depp
ligand backbone. The substitutions were made to maintain the approximate symmetry of the
molecule allowing for ease of interpretation of the data. Electrochemical measurements were
completed to first assess the impact of the substituents on the Fe!'/! redox couple as well as the
reduction of the ligand compared to the unsubstituted complex which are summarized in Table 3.2

and Figure 3.12.
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Figure 3.12. Cyclic voltammograms of [Fe(dcpp)2](PFs)2 (blue), [Fe(depPhp)2](PFs)2 (black),
[Fe(dcPhpp)2](PFs)2 (purple), and [Fe(dcPhpTp)2](PFs)2 (turquoise) in acetonitrile solutions with
0.1 M TBAPFs as supporting electrolyte and internally referenced to the Fc/Fc' redox couple.
Measurements were performed at 100 mV/s. Arrows indicate initial scan direction.
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Table 3.2. Electrochemical data collected in acetonitrile for [Fe(dcpp)2](PFs)> and the phenyl
substituted derivatives®

Complex ES;il/m Eﬁ;ﬁﬁd Eﬁ;ﬁﬁd E;}gﬁd Ell}gg:d
[Fe(depp)a](PFy), 1.26 -1.00 124 1158 -1.85
[Fe(depPhp)](PFy),  1.20 -0.96 117 -1.49 -1.76
[Fe(dcPhpp)](PFy),  1.16 -0.96 -1.19 -1.50 -1.76
[Fe(dcPhpTp),](PF),  1.12 -0.94 115 -1.49 171

aPotentials are internally referenced to the Fc/Fc+ redox couple. Potentials reported
were determined using DPV.

The electrochemistry of these complexes is similar to that of [Fe(dcpp)2]*>*. All complexes feature
an extremely positive Fe"™ couple compared to well-known low-spin Fe(Il) polypyridyl
complexes. Of note is that as the number of aromatic substituents is increased the Fe(II) oxidation
potential decreases to less positive values. This is indicative of the aromatics acting as net donors
to the iron center creating a more electron-rich metal, allowing for more facile oxidation. While
the iron-center follows a trend with increasing size of the n-sytem of the ligand, the reductions,
however, are fairly unchanged between the three substituted complexes. While it would be
expected that increased delocalization should continuously ease the potential required for the
reduction of the ligand, it was put forth by Jamula and co-workers that the multiple reductions of
the ligand are actually centered on the carbonyl bridge.* With this in mind, it would make sense
that increased conjugation through the ligand would only have a modest effect on the reduction
potentials after the initial substitution. As the complex is cross-conjugated, the carbonyl bridge
between each ring only has communication to the pyridines to its left and right. Therefore, placing
an aromatic substituent on the central or peripheral rings would have the same effect from the
perspective of the carbonyl. There is a small decrease for the reduction of [Fe(dcPhpTp)2]*" by
approximately +20 mV which is attributed to the increased conjugation in both pyridine rings

instead of only one.
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With respect to the ground-state electronic absorption spectra of the complexes, it can be
shown that the substitution pattern of the aromatics on the depp ligand backbone has a pronounced
effect on the absorptive properties of these molecules (Figure 3.13). For each complex in which
the substitutions occurred, either on the central, peripheral, or on all pyridines, the spectrum
changes in accordance with that, exhibiting increased intensity of the MLCT manifold as well as
a slight bathochromic shift. For all of the complexes, the increase in the molar absorptivity is due
to the delocalization of the ground- and excited-state wavefunction. This spreading of the
wavefunction leads to an increase in the transition dipole moment (t.d.m.) expectation value. The
t.d.m. is dependent on the transition dipole moment operator, which for a 1-particle system is the
product of the charge and the distance. The more charge moved (g) or the further it is moved
(delocalized), the higher the intensity will be of the observed transition. This phenomenon has been
well documented in the literature in ruthenium polypyridyl complexes.®**** Since the increased
intensity of bands can be explained in general, we can now turn our focus to the individual

transitions within the MLCT manifold.
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Figure 3.13. Ground-state electronic absorption spectra of [Fe(dcpp)2](PFs)2 and its phenyl
derivatives taken in MeCN.

Table 3.3. Spectroscopic data [Fe(depp)2](PFs)2 and its phenyl derivatives recorded in MeCN

xmax Molar Abs.
Complex
nm M-lem!
[Fe(depp),](PF), 605 6140
[Fe(depPhp),](PF), 620 9990
[Fe(dcPhpp),](PF), 525 12200
[Fe(dcPhpTp),](PFy), 635 17640

We can begin to deconvolve the MLCT spectrum of [Fe(dcpp)2]*" using these derivatives.
Looking at [Fe(dcpPhp),]** first, from an electronegativity standpoint, it is expected that the lowest
energy transition would preferentially occur towards the regions of least electron density in the
ligand, the carbonyls and the central ring. This is seen for [Fe(dcpPhp)2]** in which the lowest
energy absorption in the MLCT manifold shows increased intensity (Figure 3.13, black trace),

leading to this transition being associated with the central pyridine. The second transition across
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the manifold is left largely unchanged from the parent complex. The experimental versus the

simulated spectrum can be seen in Figure 3.14a.
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Figure 3.14. (a) (Top) Experimental MLCT spectrum of [Fe(dcpPhp)2](PFs)2 in MeCN (Bottom)
Calculated absorption spectrum (dashed) in MeCN and individual transitions (sticks) (b)
Molecular orbital composition determined using AOMix.
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The molecular orbital decomposition of the complex using AOMix (Figure 3.14b) shows that
similar to the parent complex, the first three HOMOs of [Fe(dcpPhp)2]?>* are almost purely iron-
based and the LUMOs become primarily ligand-based owing to the transitions being of MLCT
character. The first HOMO, as compared to HOMO-1 and HOMO-2 contains an appreciable
amount of central pyridine and phenyl character. The lowest energy transition in the calculated
spectrum is comprised of the HOMO-LUMO transition with the rendering of those orbitals shown
in Figure 3.15a. This is a pure transition with a Slater coefficient of 0.6928 with no admixture of
other molecular orbitals involved. To note from this and Figure 3.14b, is that only transitions
arising from a combination of HOMO, LUMO, and LUMO+2 will have any appreciable
contribution from the aromatic substituent leading to the increase in the intensity of the band.
Transition 13 in the spectrum at ~500 nm is only comprised of 60% of that combination owing to

the decreased effect on its intensity.
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HOMO LUMO HOMO LUMO+3

Figure 3.15. (a) Molecular orbitals of the lowest energy transition of [Fe(dcpPhp)2]*" (b) Molecular
orbitals with the highest Slater coefficient for transition 13. MOs are rendered at an isovalue of
0.02.

Moving towards the analysis of [Fe(dcPhpp).]*>*, the same analysis is used as for
[Fe(dcpPhp),]>* whereby the experimental spectrum is modeled computationally, and the
composition of the molecular orbitals are decomposed using AOMix. This initial analysis is shown
in Figure 3.16. It is notable in this spectrum that both the lower energy side and the higher energy
side of the MLCT manifold have gained intensity. Decomposition of the molecular orbitals, again,
show primarily iron-based orbitals with increased contributions from the peripheral pyridine rings
and the phenyl groups attached to them compared to the parent complex. Unlike in the case of
[Fe(dcpPhp),]>*, which only showed appreciable phenyl contributions in the HOMO,

[Fe(dcPhpp).]*>* maintains this in orbitals HOMO-3 through HOMO as well as in all the LUMO

series shown (Figure 3.16b)
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Figure 3.16. (a) (Top) Experimental MLCT spectrum of [Fe(dcPhpp)2](PFs)2 in MeCN (Bottom)
Calculated absorption spectrum (dashed) in MeCN and individual transitions (sticks) (b)
Molecular orbital composition determined using AOMix.

Inspection of the HOMOs and LUMOs show that the all the transitions would be
characterized as MLCT in nature. The first two transitions in the calculated spectrum correspond
to transitions of HOMO—LUMO and HOMO-1—LUMO, respectively. The transitions centered
around 19,000 cm™! (~525 nm) in the calculated spectrum correspond to transitions of HOMO-
2—LUMO+1 and a mixed transition of HOMO-1—-LUMO+3 and HOMO-1—-LUMO+11 with

percent character of 33% and 47%, respectively (Figure 3.17).
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Figure 3.17. Molecular orbitals of [Fe(dcPhpp):]** involved in (a) The lowest energy MLCT
transition (b) The second lowest energy transition (c¢) Transition 9 at 525 nm and (d) Transition 10
at 518 nm consisting of a mixed transition set comprising of 33% and 47% from the slater
coefficients, respectively.
3.3.3.3 Effects of Strongly Withdrawing Groups

Now that we know the correct functional formulation to accurately match the energetics
and shape of the MLCT manifold of [Fe(dcpp):]** and a few of its phenyl derivatives, we can now
apply this protocol to predict new and interesting complexes from this family of compounds. As
noted in the previous section, the vast majority of the orbital contributions and changes during the
MLCT excitation occur at the carbonyl bridge and the wavefunction effectively collapsing into the
main body of the ligand. Therefore, for delocalization of the excited state wavefunction to occur,
there must be stronger pull from the substitutions employed on the backbone of the ligand
compared to the carbonyl groups. For the wavefunction to extend further from the main ligand and

allow for the benefits of delocalization on the lifetime of the MLCT, as has been seen in many 2"-

row transition metal complexes, strong electron-withdrawing groups will need to be employed as
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a type of electron-sink. Three complexes were investigated synthetically and computationally
towards this end: [Fe(dcpCNPhp)2]*", [Fe(pyper)2]**, and [Fe(Mepyper).]*>* (where Mepyper is the
pendant N-alkylated methyl pyridine). This family of complexes exhibit various degrees of
electron-withdrawing ability with the substitution solely on the central pyridyl-ring of dcpp. In
addition to ease of synthesis these complexes also facilitate directionality in the charge-transfer

which may be beneficial in future endeavors.

Table 3.4. Spectroscopic data for comparison of [Fe(dcpCNPhp)»](PF¢)2 and [Fe(pyper)2](PFe)2 to
[Fe(depp)2](PFs)2 in acetonitrile

Hax Molar Abs.
Complex
nm M-lem!
[Fe(depp)2](PFg) 605 6140
[Fe(depCNPhp),](PF¢), 623 12620
[Fe(pyper),](PFe), 620 9200
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Figure 3.18. Ground-state electronic absorption spectra of [Fe(dcpp):](PFs)> (dark blue),
[Fe(depCNPhp)2](PFs)2 (purple), and [Fe(pyper):](PFs)2 (teal) in acetonitrile.

The UV-Vis of [Fe(depCNPhp):](PF¢)2 and [Fe(pyper)2](PFs)> are shown in Figure 3.19. Both

complexes show an increased molar absorptivity in the MLCT manifold compared to the parent
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[Fe(dcpp)2]** complex, with the most pronounced effect on the lowest energy transition as seen in
the previous family of phenyl substituted complexes, [Fe(dcpPhp).]*" (Figure 3.13). The
cyanophenyl complex exhibits the largest increase in molar absorptivity which is attributed to the
strong electron-withdrawing nature of the substituent. It is well known that the nitrile moiety is a
strong resonantly electron-withdrawing group in the cyanophenyl derivative, [Fe(dcpCNPhp),]*".
This has been used in ruthenium photophysics to further prolong the lifetime of the MLCT state
as well as increase the molar absorptivity of the transitions.*** This complex was analyzed
similarly to the other phenyl substituents in the previous sections and its orbital contributions
decomposed using AOMix (Figure 3.19b). The most intense transition in the spectrum was
calculated to correspond to a HOMO-LUMO excitation (Figure 3.19¢). Unlike what is observed
for [Fe(dcpPhp),]** in which the central phenyl only maintains an appreciable amount of
contribution in the HOMO but is lost in the LUMOs, [Fe(dcpCNPhp):2]*" exhibits only a small
decrease in the composition of the CNPhenyl. This is an exciting result in that by employing the
nitrile functionality the wavefunction in the excited-state is beginning to delocalize further out into
the ligand backbone which can potentially lead to an increase in the SMLCT lifetime. Inspection
of the HOMO and LUMO Figure 3.19b and Figure 3.19c though shows that the amount of
delocalization is still fairly low when compared to the contributions from the rest of the molecule,
especially the carbonyl functional group which still dominates in the contributions in the excited

states.

132



a Wavelength (nm) b m Fe m Central m CNPhenyl m Carbonyl m Penpnera||

500 600 700 800
L i i e o e e e e e e e EEmEE e

— [Fe(dcpCNPhp),](PFg),
----- B3LYP15+D2/6-311G(d)|
| Oscillator Strength

—0.15

Molar Absorptivity (M 'em'x 10° )
a8
T

=
T

10.10

yibuans 9sQ

5 LT : —0.05
0 I i RPN P T 1Y P | A 0.0
24 22 20 18 16 14
Energy (cm"x 10° ) 0 10 20 30 40 50 60 70 80 90 100
Orbital Composition (%)
C

HOMO LUMO

Figure 3.19. (a) (Top) Experimental MLCT spectrum of [Fe(dcpCNPhp):](PFs)2 in MeCN
(Bottom) Calculated absorption spectrum (dashed) in MeCN and individual transitions (sticks) (b)
Molecular orbital composition determined using AOMix (¢) Molecular orbitals associated with the
lowest energy transition with a slater coefficient corresponding to 100%.

With this result, we continued the search for more strongly withdrawing functional groups.
Again, looking for inspiration from the Ru(IT)***? literature as well as work done by Constable
and co-workers with Fe(I[)*»>° complexes, we found that alkylated pyridiniums could present a
new and interesting avenue for this class of complexes. [Fe(pyper)2](PFs). was synthesized and
modeled with TD-DFT. The comparison of the experimental and calculated spectra is shown in
Figure 3.20a. The decomposition of the molecular orbitals is reminiscent to that of
[Fe(decpCNPhp)>]** in which there are contributions from the extended n-system in the LUMOs of

the complex, but to a slightly lesser extent. This shows that between these two complexes the nitrile
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is the stronger withdrawing group as would be expected. But, upon alkylation of [Fe(pyper)2]**

from a theoretical standpoint, we can begin to tell a new story.
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Figure 3.20. (a) (Top) Experimental MLCT spectrum of [Fe(pyper):](PF¢)2 in MeCN (Bottom)
Calculated absorption spectrum (dashed) in MeCN and individual transitions (sticks) (b)
Molecular orbital composition determined using AOMix (¢) Molecular orbitals associated with the
lowest energy transition with a slater coefficient corresponding to 100%.

The alkylated complex that was modeled was that of [Fe(Mepyper)2]*" whereas the target
complex is [Fe(*pyper):]**. The ethyl derivative is the target complex due to the greater solubility
of ethylating starting materials such as [Ets3O]BF4 in organic solvents that are amenable to the
complexes. Modelling of methyl groups becomes slightly easier computationally as longer alkyl

chains tend to present difficulties in geometry convergence due to the shallow potential surface for

rotation of the C-C bond. This should not have any dramatic impacts on the energetics and the
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analysis of the complex as the pyridinium is the stronger contributor to the overall energetics of
the system.

Looking at the calculated spectrum of [Fe(Mepyper).]** (Figure 3.21a), it shows an intense
transition centered at 16,290 cm™ (614 nm) corresponding to a !A;—!MLCT excitation from
HOMO to LUMO. To note for this transition is the extension is unlike the previous complexes
studied, the HOMO through HOMO-2 have minimal contributions from the central ring and the
pyridine, contrary to what is observed in all other complexes with a substitution on the central ring.

What is now observed is orbital contributions into the pyridinium, delocalization of the LUMO.
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Figure 3.21. (a) Calculated spectrum (purple) and oscillator strength (black sticks) of
[Fe(Mepyper)2]*" (b) Molecular orbital composition determined using AOMix (c) Molecular
orbitals associated with the lowest energy transition with a slater coefficient corresponding to
100%.
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3.4 Concluding Comments

In this work it has been shown that by functional tuning of B3LYP to incorporate 15%
Hartree-Fock exact exchange we can successfully reproduce the experimental spectrum of
[Fe(dcpp)2]** as well as its derivatives. This allowed for the deconvolution of the charge-transfer
spectrum to facilitate the identification of the individual transitions present across the MLCT
manifold using aromatic substitutions. Deconvolution of the aromatic substitutions shows a
selective increase in the intensity of the lowest energy transition for [Fe(dcpPhp).]*" whereas
[Fe(dcPhpp)2]*>* shows an increase in the higher energy portion of the manifold. We can correlate
the selective increases to the localization of the molecular orbitals associated with the transitions
using AOMix and fragmentation the complex.

The orbital compositions of this series in their excited states show minimal extension of
the wavefunction into the aromatic groups. This is due to the electron-withdrawing nature of the
carbonyl group at the heart of depp outcompeting any contributions the phenyl groups could afford.
With this knowledge and the optimized functional for the modeling of this class of compounds,
we set out to investigate the effects of electron-withdrawing substituents coupled with increased
delocalization. This led to the exploration of three new complexes, each with a varying degree of
electron-withdrawing ability. The first two complexes, [Fe(decpCNPhp),]>* and [Fe(pyper).]**
exhibited similar behavior computationally as [Fe(dcpPhp)2]**. But, upon alkylation of the pendant
nitrogen the preferred behavior of delocalization was observed in the LUMOs of the system, as
the positively charged pyridinium is now able to outcompete the carbonyl groups. There is ongoing
work in our group in studying the ultrafast processes of these systems, i.e. measuring the MLCT

and GSR lifetimes. Computational work also continues on [Fe(pyper)2]*" as a new ligand motif
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wherein the alkylation of the pyridinium could be further leveraged towards the extension of the

MLCT lifetime.
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Figure 3.22. 'TH NMR of 2-chloro-4-phenylpyridine in CDCl3. Inset is a zoom in of the aromatic
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Figure 3.25. 1H NMR of diethyl 4-iodo-2,6-pyridine dicarboxylate in CDCls.
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expansion of the aromatic region.
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expansion of the aromatic region.
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Figure 3.28. 'H NMR of diethyl 4-(4-cyanophenyl)-2,6-pyridine dicarboxylate in CDCls.
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Figure 3.32. 'H NMR of dcpPhp in CDCls. Inset is an expansion of the aromatic region.
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Figure 3.42. 3C NMR of [Fe(dcPhpTp)2](PFs)2 in DMSO-ds.
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Figure 3.44. 3C NMR of [Fe(dcpCNPhp)2](PFs)2 in CD3CN.
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Figure 3.46. 3C NMR of [Fe(pyper)2](PFs)2 in CD3CN.

Figure 3.47. X-ray crystal structure of [Fe(dcpPhp)2](PFs)2 with solvent and hydrogens removed
for clarity.
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Figure 3.48. X-ray crystal structure of [Fe(dcPhpp)2](BF4), with solvent and hydrogens removed
for clarity.

Figure 3.49. X-ray crystal structure of [Fe(dcpCNPhp):](BF4)> with hydrogens and solvent
removed for clarity.
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Figure 3.50. X-ray crystal structure of [Fe(pyper)(Hpyper)](BF4)s. All hydrogens except for those
involved in hydrogen bonding have been removed for clarity.

Table 3.5. Crystallographic data and structure refinement

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/A
b/A
c/A

a/®
B
v/°
Volume/A3
zZ
Peatcg/cm’
wmm'!
F(000)
Crystal size/mm?
Radiation
20 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole /e A

[Fe(depPhp),](PFe),
Cy6H30F 1 ,FeNgO,Pr*MeCN

1117.60
100.00(10)
monoclinic

P2)/c
20.0926(6)
10.9426(3)
20.6078(4)

90
91.024(2)
90
4530.2(2)
4
1.639
4.282
2264

0.42 % 0.07 x 0.06
CuKa (h=1.54184)
8.582t0 161.38

[Fe(dePhpp),](PFs)

CsgHygByFgFeNgO,*MeCN,0.5Acetone

1182.50
100.00(10)
monoclinic
P2i/c
15.65127(14)
12.11763(9)
29.0528(3)
90
99.9226(8)
90
5427.62(8)
4
1.447
2.963
2424.0
0.334 % 0.185 x 0.132
CuKa (A =1.54184)
5.73210160.5

25<h<25,-13<k<13,-26<1<26 -20<h<19,-15<k<11,-36<1<37

12986

12986 [Rip; = 0.0785, Ry = 0.0420]
12986/0/669

1.072

R, =0.0907, wR, = 0.2431
Ry =0.1120, wR, = 0.2637

1.46/-0.98

48099
11627 [Rip = 0.0412, Ryjypna = 0.0370]
11627/0/777
1.043
R, =0.0464, wR, =0.1193
R; =0.0509, wR, = 0.1223
0.85/-0.51

[Fe(depCNPhp),](PFe)
CysHasB,FgFeNgO422.5MeCN, 0.3DCM
1140.49
100.00(10)
monoclinic
P2j/c
11.66290(10)
40.6406(5)
21.6923(3)

90
98.0460(10)

90
10180.7(2)

8
1.488
3.455
4645.0
0.25x0.17 % 0.14
CuKa (A =1.54184)

4.654 to 153.836
-14<h<12,-50<k<41,-26<1<27
82892
19648 [Riy = 0.0581, Ryjgmy = 0.0468]
19648/174/1463
1.031
R;=0.0631, wR, =0.1712
R, =0.0807, wR, = 0.1844
0.91/-0.70

[Fe(pyper)(Hpyper)](BF4);

Cy4Hy9B5F,FeNgO4+0.5MeCN,0.6toluene

1125.84
100.00(10)
monoclinic

P2i/n
14.01723(9)
16.65200(11)
20.67418(11)
90
104.1438(6)
90
4679.37(5)
4
1.598
3.525
2284.0
0.301 x 0.134 x 0.066
CuKa (A=1.54184)
6.9 to 160.25
-17<h<17,-20<k<16,-25<1<25
74930
9977 [Rin, = 0.0396, Rgjgmy = 0.0207]
9977/14/682
1.045
R; =0.0512, wR, =0.1342
R, =0.0553, wR, =0.1373
0.74/-0.50
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CHAPTER 4: A MODULAR APPROACH TO LIGHT-HARVESTING
CHROMOPHORES: POLYPYRIDYL CARBENE SYSTEMS
4.1 Introduction

Photoinduced electron transfer processes are of high interest, especially within the context

3 artificial photosynthesis,* and solar energy conversion and a fundamental

of photocatalysis,!
perspective.’® As discussed in Chapter 1, the most studied complexes in these contexts are those
of Ru(Il) and Ir(IIT). Both chromophores are able to undergo oxidative or reductive electron
transfer from long-lived MLCT charge transfer excited-states owing to their success in

10-12 An added benefit to these long-lived states is strongly absorbing

applications in photocatalysis.
properties of these complexes. This obviates the need for large quantities of material for the
successful application of catalysis. Though the second- and third-row metal have garnered much
success in their light harvesting applications, they are amongst the rarest elements within the
Earth’s crust. This has created considerable interest in exploring complexes of the first transition

series as comparable or complimentary replacements.!3-1°

20,21 14,22 t 23,24
2

There has been marked success in the use of molybdenum, chromium, cobal

2526 complexes for participation in electron transfer processes, but the utility of iron

and copper
complexes has been of particular interest due to its high natural abundance and its valence
isoelectronic structure with Ru(Il).?”-?® As discussed in Chapter 1, the main limitation for the
implementation of Fe(II) chromophores in applications that other metals have found success is
related to the endemic ultrafast relaxation from the SMLCT state to the ligand-field manifold,
which is observed for almost all Fe(Il) polypyridyl complexes.?**° The sub-100 fs deactivation

into the 5T ligand-field (LF) state stymies any reactivity that could be leveraged from the charge

transfer state. This is not to say that a ligand-field excited state is not able to participate in electron
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transfer reactions as our group has previously shown, but due to the nature of metal-centered states
they are fairly remote and are lower in energy than MLCT states limiting their reactivity for organic
transformations.’!

This limitation by lifetime has been attempted to be remedied by research groups around
the world through the introduction of strongly c-donating carbene ligands which showed potential
in destabilizing the LF states such that the SMLCT has become the lowest energy excited-state.>*
35 The first example of this class of complexes was first published by the Warnmark group in 2013
by using a tridentate biscarbene ligand which was able to push the MLCT lifetime to, at that time,
a ground-breaking 9 ps.?? This record would continue to be broken culminating in a hexacarbene
system with a record 528 ps *MLCT lifetime.*> Continuing to push the envelope, cyclometallation
was employed to synthesize systems reminiscent of Ir(ppy) (where ppy is 2-phenylpyridine) which
then approached the 1 ns regime.*® With MLCT lifetimes approaching the timescale of diffusion
we can begin to envision the implementation of these Fe(Il) chromophores in photoinduced
electron transfer processes without the concern of elemental scarcity. Though now that the problem
of energetic ordering has been ameliorated by the use of carbenes destabilizing the LF manifold to
near or above the MLCT manifold, the next problem that arises is light-capture. Though carbenes
are strong o-donors, they are poor m-acceptors and are typically electron-rich by virtue. This leads
to a convolution of effects in that the chromophores absorptions continue to push further into the
bluer wavelengths. Though not a problem as a stand-alone complex, if being used with organic
substrates in photocatalysis this can lead to overlapping features and excitation of both
chromophore and substrate, which can also reduce the efficiency of the intended reaction. The
employed carbene ligands can be modified in such a way to shift and increase the absorptivity of

the MLCT, but it is not as facile as the chemistry of 2,2"-bipyridine or 1,10-phenanthroline ligands.
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We previously showed that it is possible to break the donor portion and light absorbing portion of
the problem into two pieces by the synthesis of a heteroleptic Fe(II) complex which contained
1,10-phenanthroline as the chromophoric region as well as a bis(acyclic diaminocarbene) for LF
destabilization with a MLCT lifetime of 8 ps.?” In this chapter, we begin to build on these results
as well as explore new motifs towards the extension of MLCT lifetimes as well as delve into the
fundamental properties of these new systems.

4.2 Experimental

4.2.1 Synthesis

General. All reaction and spectroscopic solvents were obtained from Sigma Aldrich Chemical Co.
and used without further purification unless otherwise stated. Dry THF, MeCN, and DCM were
obtained from a Solvtek solvent drying system using neutral alumina. Anhydrous ethanol was
obtained from Acros Organics. Unless otherwise noted, all reactions were conducted either using
standard Schlenk techniques or in an inert atmosphere glove box (nitrogen-filled, Vacuum
Atmospheres). FeBr, was obtained from Strem Chemicals Inc. 2,2'-bipyridine, 1,10-
phenanthroline, 1-methylimidazole, and triflic anhydride (Tf20) were obtained from Oakwood
Chemicals and used as received. 30% H>O» was obtained from Fisher Scientific. 1.6 M n-BuLi
was obtained from Sigma Aldrich Chemical Co. NMR spectra were collected in the Max T. Rogers
NMR Facility of Michigan State University on an Agilent 500 MHz or a Bruker 500 MHz
spectrometer; spectra were referenced internally to the residual solvent peak of CDCls;, CD3CN,
or (CD;3)2CO which were obtained from Cambridge Isotopes. 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
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been ground in a vial and stored under vacuum overnight prior to analysis. 2,2"-bipyridine mono
N-oxide,*® 1,10-phenanthroline mono N-oxide,* and 1-methyl-3-(1,10-phenanthrolin-2-y1)-1H-
imidazol-3-ium triflate ([phenMImH]OTf)** were all prepared by literature methods. The 1,10-
phenanthroline mono N-oxide was recrystallized from hot toluene before use. All reactions for the
synthesis of pyridyl N-oxides use excess 30% H:>0: and should be worked-up with caution as
these reactions can become explosive upon concentration.
1-methyl-2-(1,10-phenanthrolinyl)-1H-imidazol-3-ium hexafluorophosphate
([phenM*ImH]PFs). To a stirred solution of 1.000g of 1,10-phenanthroline mono N-oxide (5.1
mmol, 1.0 eq.) in 25 mL of MeCN was added 0.81 mL of 1-methylimidazole (10.2 mmol, 2.0 eq).
The reaction was cooled to 0°C and 1.3 mL of T,0 (7.6 mmol, 1.5 eq.) were added dropwise over
20 mins. The orange solution stirred for an additional 15 mins at 0°C and then warmed to room
temperature and stirred for 6 hours. The MeCN was evaporated, and the crude was dissolved in 20
mL of H>O. To this orange solution was added 1.664 g of NH4PFs (10.2 mmol, 2.0 eq). The
precipitate was filtered and washed with H.O, MeOH, and diethyl ether. Yield: 1.575 g, 76%. 'H
NMR (500 MHz, CD3CN) 6 9.69 (t, J = 1.6 Hz, 1H), 9.16 (dd, J = 4.4, 1.7 Hz, 1H), 8.75 (d, J =
8.6 Hz, 1H), 8.52 (dd, J =8.1, 1.7 Hz, 1H), 8.34 (t, J = 1.8 Hz, 1H), 8.08 — 8.05 (m, 3H), 7.84 (dd,
J=28.2,4.4Hz, 1H), 7.64 (t,J = 1.7 Hz, 1H), 4.04 (s, 3H).
2-(N-pyridinium)-1,10-phenanthroline  hexafluorophosphate  ([phenNPyH]PFs). The
compound was prepared using a modification of a literature procedure.*’ To a stirred solution of
1.000 g of 1,10-phenanthroline mono N-oxide (5.1 mmol, 1.0 eq.) in 25 mL of MeCN was added
0.82 mL of pyridine (10.2 mmol, 2.0 eq.). This was cooled to 0°C, and 1.3 mL of T20 (7.6 mmol,
1.5 eq.) were added dropwise over 20 min. The resulting mixture was stirred for 15 min at 0°C,

and then allowed to warm to room temperature to stir for an additional 10 hours. The MeCN was
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evaporated and the crude was dissolved in minimal MeOH. 1.654 g of NH4PFs were added and it
stirred for 20 mins. The solid was filtered and washed with H-O, MeOH, and Et;O. X-ray quality
single crystals were grown from diffusion of diethyl ether into a MeCN solution containing a small
amount of MeOH. Yield: 1.582 g, 76%. 'H NMR (500 MHz, CD3CN) § 9.61 —9.56 (m, 2H), 9.19
(dd, J=4.4, 1.7 Hz, 1H), 8.90 (d, J = 8.6 Hz, 1H), 8.85 —8.79 (m, 1H), 8.67 (dd, J = 5.0, 1.6 Hz,
2H), 8.60 — 8.55 (m, 1H), 8.41 — 8.31 (m, 3H), 8.26 (d, J = 8.6 Hz, 1H), 8.21 — 8.12 (m, 2H), 7.91
—7.82 (m, 3H).

6-(/V-pyridinium)-2,2'-bipyridine hexafluorophosphate ([bpyNPyH]|PFg). The compound was
prepared using a modification of a literature procedure.*® To a stirred solution of 3.000 g of 2,2'-
bipyridine mono N-oxide (17.4 mmol, 1.0 eq.) in 90 mL of MeCN was added 2.8 mL of pyridine
(34.9 mmol, 2.0 eq.). This was cooled to 0°C and 4.4 mL of T£,0 (26.1mmol, 1.5 eq.) were added
dropwise over 15 min. The resulting mixture was stirred for 20 min at 0°C, and then allowed to
warm to room temperature to stir overnight. The solvent was evaporated, and the orange reside
was redissolved in a minimal volume of methanol. Excess saturated KPF¢(.q) was added forming a
pale orange solid. It was filtered and washed with H,O, MeOH, and diethyl ether. It was
recrystallized by dissolving in minimal acetonitrile and adding diethyl ether until cloudy. The
suspension was placed in the fridge overnight. Yield: 4.863 g, 80%. 'H NMR (500 MHz, CD3;CN)
0 9.51 —9.45 (m, 2H), 8.94 — 8.87 (m, 2H), 8.84 — 8.79 (m, 2H), 8.68 (dd, /= 7.9, 0.7 Hz, 1H),
8.61 (t,J=8.0 Hz, 1H), 8.38 (dddd, /= 7.5, 6.4, 1.9, 1.0 Hz, 2H), 8.26 (dd, J = 8.1, 0.7 Hz, 1H),
8.22 (ddd, J=17.3, 5.8, 1.8 Hz, 1H).

2,6-di(/V-pyridinium)pyridine hexafluorophosphate ([PyNPy:](PFs)2). This compound was
synthesized using a modification of a literature procedure.*! In a pressure tube was added 2.000 g

of 2,6-dibromopyridine (8.4 mmol, 1.0 eq.) and 1.5 mL of sparged pyridine (18.6 mmol, 2.2 eq.).
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The pressure tube was sealed and heated to 150°C for 16 hours behind a blast-shield. Upon
completion, the original melt had become a dark brown solid. The vessel was cooled to room
temperature and the solid was triturated with DCM until a fine powder formed. The powder was
filtered, and the crude was dissolved in H>O and was gravity filtered to remove insoluble
impurities. The dark brown solution was treated with excess KPFg(aq) to precipitate a tan solid. The
solid was filtered and washed with additional H,O (4 x 20 mL), MeOH (3 x 10 mL), and diethyl
ether to afford a light tan solid. Yield: 3.102 g, 70%. 'H NMR (500 MHz, acetone-ds) 8 10.00 —
9.95 (m, 4H), 9.12 (tt, J=7.8, 1.3 Hz, 2H), 8.98 (dd, /= 8.5, 7.7 Hz, 1H), 8.82 (d, /= 8.1 Hz, 2H),
8.63 — 8.57 (m, 4H). 3C NMR (126 MHz, acetone-ds) & 206.19, 150.71, 147.24, 144.30, 129.74,
122.19, 30.30, 30.24, 30.15, 29.99, 29.84, 29.69, 29.53, 29.38.

[Fe(phen™°Im)2](PFs)2. In a flame-dried, N> purged flask was added 203 mg of [phen™*ImH]PFs
(0.5 mmol, 2.0 eq.) and 40 mL of THF. The suspension was cooled to -78°C and 0.31 mL of 1.6
M n-BulLi (0.5 mmol, 2.2 eq.) were added dropwise over 15 minutes. The reaction continued to
stir for an additional 1 hour. A solution of 53 mg of FeBr2 (0.25 mmol, 1.0 eq.) in 20 mL of THF
was added dropwise via a cannula over 15 minutes. The red/brown solution stirred for 1 hour at
-78°C and then allowed to warm to room temperature and stir overnight, protected from light. The
solvent was evaporated, and residue was dissolved in acetone and filtered to afford a red solution.
A saturated solution of KPFsq) was added to precipitate a red solid. This was filtered and washed
with H2O and diethyl ether. The crude was purified on Bio-Beads S-X1, eluting with 4:6
MeCN/toluene followed by recrystallization from slow diffusion of diethyl ether into a saturated
acetone solution. X-ray quality single crystals were grown from slow diffusion of diethyl ether
into a saturated MeCN solution. Yield: 90 mg, 42%. '"H NMR (500 MHz, CDsCN) 6 8.93 (d, J =

8.8 Hz, 2H), 8.48 (d, J = 8.8 Hz, 2H), 8.40 — 8.34 (m, 4H), 8.24 (d, J = 2.2 Hz, 2H), 8.12 (d, J =
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9.0 Hz,2H), 7.34 (dd, J=5.2, 1.2 Hz, 2H), 7.29 (dd, J = 8.1, 5.2 Hz, 2H), 6.93 (d, /= 2.2 Hz, 2H),
2.42 (s, 6H).">*C NMR (126 MHz, CD3CN) & 196.24, 156.15, 153.63, 149.62, 147.47, 137.13,
136.82, 131.39, 128.04, 127.86, 127.71, 127.41, 126.77, 119.10, 112.30, 35.75. Elemental
Analysis: Calc’d (%): C, 49.00; H, 2.62; N, 10.39. Found: C, 48.61; H, 2.55; N, 9.28.

[Fe(phenNPy),](PFs)2. This complex was prepared using a modification of a literature method.*?
In a glove box, 200 mg of [phenNPyH]PF¢*HPyPF¢ (0.32 mmol, 2.2 eq.) and 32 mg of FeBr; (0.14
mmol, 1.0 eq.) were combined in 30 mL of EtOH. The cloudy orange solution stirred for 30
minutes. To this suspension was added 0.1 mL of triethylamine (0.7 mmol, 5.0 eq.) and the
suspension instantly turned a brown-green. The reaction was heated to reflux under N, overnight.
Upon reaching temperature the reaction turned blue. It was then cooled to room temperature and
placed in the freezer as a solid began to precipitate. The solid was filtered and washed with cold
EtOH. The blue-purple solid was then dissolved in minimal acetone and saturated KPFg(q) was
added and the volume of the reaction was reduced by approximately 50%. The solid was filtered
and washed with H,O and diethyl ether. The crude was purified on silica eluting with 7:1
MeCN/KNO3(q) followed by size exclusion chromatography on Bio-Beads S-X1 with 4:6
MeCN/toluene. X-ray quality crystals were grown from slow diffusion of diethyl ether into a
solution of MeCN/acetone/MeOH. Yield: 20 mg, 18%. 'H NMR (500 MHz, acetone-ds) & 10.01
(d, J=6.7 Hz, 2H), 9.39 (d, J = 9.0 Hz, 2H), 9.32 (d, /= 9.0 Hz, 2H), 8.70 — 8.63 (m, 4H), 8.45
(d, /J=8.9 Hz, 2H), 7.92 (dd, J= 5.1, 1.2 Hz, 2H), 7.49 (dd, J= 8.1, 5.1 Hz, 2H), 7.38 (td, /= 6.9,
1.4 Hz, 2H), 7.19 (ddd, J = 8.4, 7.0, 1.2 Hz, 2H), 6.56 (d, J = 8.4 Hz, 2H). 3C NMR (126 MHz,
acetone-ds) 0 227.07, 159.14, 153.97, 148.95, 141.94, 137.69, 137.31, 136.04, 135.79, 129.38,

129.37, 127.05, 119.76, 114.84.
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[Fe(bpyNPy):2](PFs)2. This complex was prepared using a modification of a literature method.*?
In a glove box, 150 mg of [bpyNPyH]PFs (0.38 mmol, 2.3 eq.) and 35 mg of FeBrz (0.16 mmol,
1.0 eq.) were combined in 30 mL of EtOH. The cloudy pink solution stirred for 20 minutes. To
this suspension was added 0.08 mL of triethylamine (0.49 mmol, 3.0 eq.) and the suspension
instantly turned a brown-green. The reaction was heated to reflux under N> overnight. Upon
reaching temperature the reaction turned blue. It was then cooled to room temperature and
saturated KPFe(aq) was added, and the volume of the reaction was reduced by approximately 50%.
The solid was filtered and washed with H>O and diethyl ether. The crude was purified on silica
eluting with 7:1 MeCN/KNO3aq) followed by size exclusion chromatography on Bio-Beads S-X1
with 4:6 MeCN/toluene. X-ray quality crystals were grown from slow diffusion of diethyl ether
into a solution of MeCN/acetone/MeOH. Yield: 18 mg, 15%. 'H NMR (500 MHz, CD3CN) § 9.34
(dt,J=6.8,1.2 Hz, 1H), 8.77 (dd, /= 7.9, 0.8 Hz, 1H), 8.60 (dd, J = 8.6, 0.8 Hz, 1H), 8.57 — 8.49
(m, 2H), 7.99 - 7.92 (m, 1H), 7.23 (ddd, J = 5.6, 1.6, 0.8 Hz, 1H), 7.20 — 7.08 (m, 3H), 6.34 (ddd,
J=282,1.6,0.9 Hz, 1H), 2.17 — 2.13 (m, 2H). 3C NMR (126 MHz, CD3;CN) & 227.80, 158.52,
154.95, 151.46, 140.96, 139.23, 137.56, 136.74, 136.13, 127.87, 124.73, 122.45, 119.40, 118.34,
114.52.

4.2.2 Physical Characterization

X-ray crystal structure determination. Crystals of appropriate size were selected and mounted
on a nylon loop with paratone oil on a XtaLAB Synergy, Dualflex, HyPix diffractometer. The
crystals were kept at a steady 7 = 100.0(2) K during data collection. The structures were solved
with the ShelXT* solution program using intrinsic phasing or direct methods for twinned data and
by using Olex2 1.3* as the graphical interface. The model was refined with ShelXL 2018/3* using

full matrix least squares minimization on F2.
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Ground-state absorption spectroscopy. All room temperature extinction coefficient
measurements were collected in spectrophotometric grade acetonitrile (Sigma Aldrich) in a 1 cm
quartz cuvette on a PerkinElmer Lambda 1050 dual-beam spectrophotometer.

Electrochemistry. Electrochemistry was performed using a CH Instruments CH620D potentiostat
in a 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF¢) acetonitrile 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 (DPV) was used
to accurately determine E1. 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.

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
pseudoreference electrode controlled by a CH Instruments CH620D potentiostat. The solutions
were prepared so the absorbance of the solution was ~0.6 at the maximum of the MLCT absorption
feature as measured with a SSI400 CCD spectrometer. Spectra were collected every 30 s for 10
min with a ~100 mV overpotential applied for the reductive or oxidative process under
investigation.

Ultrafast Transient Absorption Spectroscopy. Preliminary ultrafast Transient absorption

measurements were performed in acetonitrile by Atanu Ghosh.
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4.2.3 Computational Methods

All calculations were performed with Gaussian 16*7 computational package on the
Michigan State University High Performance Computing Center servers. Calculations were
performed using either B3LYP*® or B3LYPS3, in which the percentage of Hartree-Fock exchange
was modified to 5%. Grimme’s Empirical dispersion correction, D2, was employed on all
functionals.** The integral equation formalism variant of the polarizable continuum model
(IEFPCM) was used to model acetonitrile. For geometry optimizations and frequency calculations,
a split basis was used with 6-311G(d) for C, H, and N and the SDD basis and pseudo-potential for
Fe. The frequency calculations were examined for negative frequencies to ensure a minimum had
been found. Time-dependent DFT (TD-DFT) was performed using the previous functionals and
the 6-311G(d) basis set for all atoms and requesting 40 singlet states. Molecular orbitals were
visualized using Avogadro at an isovalue of 0.02.3%!
4.3 Results and Discussion
4.3.1 Synthesis

The synthesis of the [phenMImH]PFs ligand was accomplished using 1,10-phenanthroline
mono N-oxide and treatment with triflic anhydride in the presence of 1-methylimidazole (Figure
4.1b) in good yield.*° This is a convenient preparation as opposed to the general 5-step procedure
which would require 2-bromo-1,10-phenanthroline starting material and treatment with imidazole
in an Ullmann type coupling, followed by alkylation of the free nitrogen (Figure 4.1a).°%>3 Due to
the ease of preparation of mono N-oxides and the gentle reaction conditions of the previous

procedure this would allow for a wide variety imidazolium-based carbenes to be synthesized.
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Figure 4.1. (a) Conventional synthetic route and (b) Simplified 2-step synthetic procedure towards
2-substituted-1,10-phenanthroline or 6-substituted-2,2'-bipyridine imidazolium salts.

As with the imidazolium carbene, the pyridinium-based systems were prepared in a similar
manner, starting from the mono N-oxide, but treating with pyridine instead of an imidazole
derivative to form the corresponding bipyridyl or phenanthroline ligand (Figure 4.2). Interestingly,
the [phenNPyH]PFs ligand when synthesized and metathesized using NH4PF¢ forms as the
pyridinium hexafluorophosphate adduct in a 1:1 ratio as confirmed by NMR and crystallography.
As this adduct was not anticipated to interfere in the coordination of the ligand under basic
conditions it was used as isolated. Both pyridinium-based ligands were metathesized to the

hexafluorophosphate salts to simplify the cleaning process.

1. Pyridine i
| X 2. Tf,0 | Xy PFe
3. KPF
N W > AN W
) MeCN, -10°C—rt, 4h || |
=N 8 N Pz

[bpyNPyH]PFg: 80%
[phenNPyH]PFg: 76%

Figure 4.2. General synthetic procedure for the synthesis of 1,10-phenanthroline and 2,2'-
bipyridine pyridinium salts.

Complexation of [phenMelmH]PFs was originally attempted using literature methods

54,55

developed by the Bauer group”*~> using LIHMDS as the base at cryogenic temperatures in THF.

In their studies, the ligands were iodide or bromide salts exhibiting increased solubility in THF. As
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this ligand was hexafluorophosphate salt, the solubility was diminished in ethereal solvents
preventing the full deprotonation of the imidazolium. This limitation was overcome by dropwise
addition of n-BuLi, a much stronger base, at cryogenic temperatures leading to full deprotonation
and a clear solution of lithiated ligand. Dropwise addition of the Fe(Il) source to the lithio-
imidiazolium followed by metathesis afforded the target bis-carbene complex,
[Fe(phenM¢Im),](PFs)2 (Figure 4.3). The complex, once formed, was able to be cleaned using Bio-

Beads S-X1 size exclusion chromatography.

Me

1. %Im ) 1. n-BuLi
x 2.Tf,0 X, PFs 2. FeBry
o 3. KPFg 3. KPFg
N
I MeCN, -10°C—t, ah O THF, -78°Crt, 24h
o

70% 76%

Figure 4.3. General synthetic procedure for the synthesis of [Fe(phen™°Im),](PFs). starting from
1,10-phenanthroline mono N-oxide.

The next series of complexes to be synthesized were pyridinium-based, creating a pyridine
(pyridinylidene) analogue to carbenes. Unlike the imidazolium-based ligand, the pyridinium
ligands that were N-bound directly to the bipyridine and phenanthroline rings proved more difficult
in coordination with Fe(II). Initial attempts at coordination of [phenNPyH]PFs to Fe(II) followed
the procedures by the Bauer group.’*> Treatment of the ligand at cryogenic temperatures with
LiHMDS followed by addition of FeBr, and warming to room temperature afforded no product. A
review of the literature shows that this class of pyridiniums, though easily isolated, are extremely
sensitive to nucleophilic attack. These two ligands resemble a Zinke pyridinium which are known

to undergo aminolysis by nucleophilic attack of the 2-position by weak and strong nucleophiles
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3658 Review of

alike leading to a ring opening of the pyridinium and a resulting aromatic amine.
the literature for similar classes of compounds led to a new coordination protocol following a
procedure for heteroleptic Ru(I) complexes bearing a terpyridine with the peripheral ring being
N-alkylated.***° These procedures employed a pre-formed [Ru(terpy)Clz] complex and were
treated with the pyridinium ligand in ethanol at reflux with a large excess of triethylamine as a
base as well as a reductant to form a bis(tridentate) heteroleptic complex. The initial reaction
conditions for the coordination of [bpyNPyH]PFs and [phenNPyH]PFs used FeCl, as the metal
source in ethanol and triethylamine. While this procedure did lead to the intended product, the
yields were extremely low with only 1-2 mg of isolated complex (~2% yield). The main issue
noticed while using FeCl, was the solubility of the pre-formed complex. The reactions even when
refluxed showed a purple precipitate, which is hypothesized to preclude deprotonation by base to
form the bis(tridentate) complex. Switching the Fe(Il) source to FeBr» exhibited increased
solubility in ethanol at reflux and led to a cleaner, yet still low yielding, formation of the intended
pyridinylidene complexes (Figure 4.4). Column chromatography on silica of both complexes

eluted the target blue complex along with a pink impurity. Darker purple and brown impurities

remained at the top of the column.
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[Fe(bpyNPy),](PFg),: 15%
[Fe(phenNPy),](PFg)2: 18%

Figure 4.4. General synthetic procedure for the synthesis of [Fe(bpyNPy):](PFs)> and
[Fe(phenNPy),](PFs). starting from the corresponding mono N-oxide.
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An attempt to complete the series was sought out in the synthesis of [Fe(PyNPy2)2](PFs)>
following the previous synthetic procedures for the other pyridinium complexes. At this moment
the target complex has not been isolated nor is there spectroscopic evidence of its formation in its
crude 'H NMR but efforts in its synthesis will be on going.

4.3.2 X-ray Crystallography

[phenNPyH]PFs*HPyPFs: The ligand crystallizes in the P1 space group with 1 ligand in the
asymmetric unit with no disorder. The free pyridinium is hydrogen bonded to the phenanthroline
ligand and the position of the hydrogen on the pyridinium was able to be refined.
[PyNPy;](PFjs)>: This ligand crystallized in the P1 space group with 1 ligand and two anions in
the asymmetric unit with no disorder. The crystal was twinned by 32% with component two rotated
by 179.94° about the c-axis in reciprocal space.

[Fe(phen™eIm),] (PFs).: The complex crystallizes in the P21/n space group with 1 molecule in the
asymmetric unit and one acetonitrile solvent molecule present. Due to disordered solvent in the
lattice a solvent mask was calculated, and 90 electrons were found in a volume of 416 A3 in 1 void
per unit cell. This is consistent with the presence of 0.5 molecules of diethyl ether per Asymmetric
Unit which accounts for 84 electrons per unit cell.

[Fe(phenNPy),](BF4):: This complex crystallizes in the P21/n space group with 1 complex and
two rotationally disordered BF4 anions. A solvent mask was also employed. Due to poor
diffraction of the crystal, only low-angle data was collected, but to a completeness of 98.2%. This
precludes the determination of structural parameters for the complex but allows for reliable atom
connectivity.

[Fe(bpyNPy):](PFs)>: The complex crystallizes in the P2;212; chiral space group with 1 complex

in the asymmetric unit and two anions. There is one translationally disordered PF¢ anion in the
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lattice with the occupancy refined to 0.62:0.38 such that the total occupancy was unity. The crystal
was a pseudo-tetragonal twin with rotation around the c-axis and the refined weighted fractions of
0.91:0.09.
4.3.3 Ground- and Excited-State Characterization of [Fe(phen™¢Im),](PFs)>

The initial complex that was studied was [Fe(phen™°Im),](PF¢).. This complex takes
inspiration from the work of Bauer and co-workers who performed an in-depth study of the effect
of N-heterocyclic carbene (NHC) count on the photophysical properties of Fe(II) chromophores.>
In this study, a series of four NHC complexes were synthesized, including the 2,2'-bipyridyl
analogue of [Fe(phen™°Im),](PFs)2, and the corresponding '*“MLCT and ground-state recovery
(GSR) dynamics were measured. For [Fe(bpyMIm),](PF¢)2, a sub-100 fs deactivation
corresponding to depopulation of the MLCT manifold to a metal-centered state was observed
followed by ground-state recovery on the order of 96 ps. Though these dynamics are not ideal, it
lays the ground-work by which we can begin to compare new complexes against while using
similar ligand motifs.

[Fe(phenMIm),](PFs)> was synthesized and its ground-state electronic properties were first
investigated. The electronic absorption spectrum (Figure 4.5) was collected and compared to the
bipyridyl analogue synthesized by the Bauer group as well the parent complexes, [Fe(phen)s](PFs)2

and [Fe(bpy)3](PFé)a.
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Figure 4.5. Ground-state electronic absorption spectra of [Fe(bpy):](PFs)> (black dashed),
[Fe(phen);](PF¢)2 (red dashed), [Fe(phenMeIm),](PFs): (red), and [Fe(bpy™°Im),](PFe). (black)
which was reproduced from reference 55. All spectra were recorded in acetonitrile.

Table 4.1. Spectroscopic data of tris(polypyridyl) and bis(polypyridylcarbene) complexes
collected in CH3CN

Amax Molar Absorptivity
Complex
nm M-lem!
[Fe(bpy)s](PFe), 520 8770
[Fe(phen);](PF), 510 10450
[Fe(bpy™eIm),](PF¢), 560 7090
[Fe(phenMeIm),](PF), 540 9150

For both carbene complexes, a noticeable bathochromic shift in the 'A;—!MLCT absorption is
observed, as well as a decrease in the observed intensity of the absorption. A unique aspect of the
[Fe(phenMeIm),]*>* spectrum is the shoulder that appears at approximately 16,000 cm™. This
pronounced shoulder is not present in either parent complexes nor the bipyridyl analogue but, it is
present in terpyridyl Fe(Il) complexes and may be an endemic feature to these two classes of
compounds.

In addition to the electronic absorption spectra, electrochemical measurements were carried

11/111

out on [Fe(phenM°Im),]*>* (Figure 4.6). The oxidation wave corresponding to the Fe''"!"! couple is
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fully reversible under the measurement conditions. The reductive electrochemistry though presents
with two reductive events presenting irreversibility on the return waves. This behavior is in
agreement with the electrochemistry presented by Bauer and co-workers as well as that of the
Wirnmark group.3?>> Compared to the bipyridyl analogue, the phenanthroline complex exhibits a
slightly less positive Fe'"™ redox couple at 0.42 V (Table 4.2) as opposed to 0.44 V. Both of these
values are substantially more positive than the Warnmark complex at 0.31 V, but is well within
agreement of having fewer NHC donors to create an electron-rich Fe(Il) center, facilitating an
easier oxidation. The reductive chemistry of the [Fe(phenM¢Im):]*" complex exhibits two
irreversible reductions whereas the bpy complex is reported to have two fully reversible events.
Though irreversible we can glean that the less negative first redox event for the phen-based ligand
is indicative of the more delocalized n-system leading to an easier reduction. With the ground-state

characterization in hand, we can begin to turn towards the excited-state dynamics of the complex.

ent (uA)
urrent (1A)

Curre
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Figure 4.6. Cyclic voltammograms (solid) and DPV (dashed) of [Fe(phen™°Im),](PFs). showing
(a) The reversible Fe'"™ couple and (b) the irreversible reduction of the phen™°Im™ ligand.
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Table 4.2. Electrochemical data of imidazolium-based Fe(II) carbene complexes?®

Complex Ei72/3+ Ei;Z/"L E;//g
[Fe(BMeImPy),]**¢ 0.31 -2.39b -
[Fe(bpyMeIm),]>*d 0.44 -1.74 -2.02
[Fe(phenMeIm), > 0.42 -1.69° -1.99b

aAll electrochemical measurements were performed in CH;CN
YIrreversible ¢Taken from reference 32 9Taken from reference 55.

Using the electrochemical data presented in Table 4.2, we can now use
spectroelectrochemistry to model the behavior of the MLCT absorption for ultrafast transient
absorption measurements (Figure 4.7). Due to the irreversibility of the reduction of the complex
only spectra for the oxidation were recorded. There is an obvious bleach centered around 500 nm
corresponding to the MLCT absorption in addition to a weak positive feature beginning at
approximately 690 nm and continuing to 850 nm. This is assigned to be associated with the
phen™¢Im anion radical absorption. From this data, we can now begin to investigate the excited-

state dynamics of this complex.
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Figure 4.7. Oxidative spectroelectrochemistry of [Fe(phen™°Im),]?>* in CH3CN.
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Ultrafast transient absorption measurements were undertaken (Figure 4.8) to probe the
excited-state properties of this complex. The ground-state recovery (GSR) dynamics of the
complex were first investigated, affording a lifetime of 187 ps, fit with a monoexponential decay
(Figure 4.8a). This deactivation is attributed to relaxation from a metal-centered state, either *MC
or SMC, to the 'A; ground-state. Compared to the bipyridyl analogue of this complex which

possessed a GSR lifetime of 96 ps, the kinetics have slowed by almost a factor of 2.

690 nm component 1: 145 fs (<IRF) component 2: 622 fs
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Figure 4.8. Ultrafast transient absorption spectra of [Fe(phenM¢Im),](PFs)2 in CH3CN showing
(a) Ground-state recovery dynamics and (b) MLCT deactivation to the ligand-field manifold.

This slower behavior can be explained within the context of ligand-field theory and semi-classical
Marcus Theory.®*¢! Within the framework of semi-classical Marcus Theory, there are a multitude
of parameters that dictate the nonradiative decay rate constant including (equation 4.1): the

electronic coupling matrix element (Hab), the reorganization energy (A), and the driving force

(AGY).
_ 2_7-[ P 1 —(7L+AG0)2
kny = h |Hap| JamAk,T exp[ 42kpT (4.1)
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Between these two systems we can reasonably assume that Hap and A should be fairly similar with
the homologous nature of the complexes, leading to the main difference driving the kinetics being
the change in AGP. From our previous studies of tris(polypyridyl) Co(III) analogues of Fe(II)
chromophores we showed that the effective ligand-field strength of phenanthroline is
approximately 540 cm! lower than that of bipyridine, 23940 cm™ and 24480 ¢cm, respectively.5?
We can connect this decrease in ligand-field splitting to a concomitant decrease in the driving
force, AGY, for ground-state recovery of the complex. Assuming a similar deactivation pathway
between the bpyMeIm and phenM°Im complexes, this decrease in driving force would result in a
longer lifetime, in line with what we are observing. Preliminary measurements of the MLCT
manifold lifetime were carried out using variable probe wavelengths, guided by the
spectroelectrochemical data collected. The data collected were all fit to biexponential decays
affording two time constants. The short component of the decay is within the instrument response
function (IRF) of the instrument while the longer component can be determined with confidence
(Figure 4.8b). The short component could be associated with intersystem crossing between the
'MLCT to the SMLCT manifolds, which is known to occur on ultrashort timescales, though this
typically occurs on sub-50 fs timescales for most polypyridyl complexes.’®364 As the second
component is much shorter and the lifetime varies dramatically from the GSR lifetime of the
complex, there could be multiple explanations for this. The first is it could be associated with direct
deactivation of the SMLCT state to the ligand-field manifold, *MLCT—3*MC. Of note for this
pathway is the probe-dependance of the lifetime. The observed time constant becomes shorter as
higher energy probe wavelengths are used, decreasing from 622 fs to 390 fs. On these timescales,
vibrational cooling would not be possible as those dynamics typically occur in the picosecond

regime though an alternative cooling pathway could be included instead, internal vibrational
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redistribution (IVR), which can occur on the femtosecond to picosecond regime. A newly
published paper shows that a third alternative for the dynamics is the bifurcation of the relaxation
in which there is direct conversion from the '"MLCT corresponding to 'MLCT—?*MC convolved
with deactivation from the SMLCT state into the ligand field manifold as well (Figure 4.9).5° These
dynamics were observed for [Fe(bpy)s]** in which there was direct conversion from the initially
populated 'MLCT into the LF manifold as well as from the *MLCT using 2D electronic absorption

spectroscopy.

'MLCT

7 T5c < 50fs

Energy

\
\

Nuclear Coordinate (AQ)

Figure 4.9. Proposed photocycle for [Fe(phen™¢Im):]** beginning at population of the '"MLCT

followed by ultrafast intersystem crossing to the *MLCT. There may then be cooling on the SMLCT

surface followed by internal conversion or intersystem crossing to the ligand-field manifold

followed by ground-state recovery.

4.3.4 Ground- and Excited-State Characterization of [Fe(bpyNPy):]’* and [Fe(phenNPy):]**
After reinforcing that thought the imidazolium-based carbene systems have been promising

within the context of the studies performed by various groups, it would be beneficial to be able to

maintain the light absorption properties associated with polypyridyl ligands while also enforcing

a stronger ligand-field strength through strong o-donors. This initial thrust was undertaken by our
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group in the synthesis of a tris(heteroleptic) Fe(II) complex, [Fe(phen)2(CsH10N4)](BF4)2 (Figure
4.10)*” By combining the directionality in the charge-transfer with the phenanthroline ligands
while concomitantly increasing the ligand-field strength through the use of an acyclic
diaminocarbene, a complex with the light absorbing properties of a typical polypyridyl complex
was made but with the kinetics observed for strongly donating carbenes.’’” Though this is a
promising route for new Fe(I) complexes, there are synthetic drawbacks as the synthesis of the

complex requires a large excess of a cyanide source, a strong alkylating reagent, as well as the use

of hydrazine.
(BF4)2 (BF4)2
| RS (BF4), | RS l N | A
| - 1. KCN 15 eq. | 1. excess Me;SO, | ® 1.NoHs 15eq. HN
N N 2. Conc. HCI z N',,' cEN 2. excess NaBF, z N',,' BN 2. HBF, z N',,' S
Feze™" == F Feze " a2t NH

E —_— Fe2t " —_— > - B —— Fe2t”
N \\N, H,0. A, 1h N \\CSN 75°C, 1h e \CSN\ MeCN, A, 1h S0 \\/(NH
, Ng = , Ng , NG ® , Ne HN
| P , o , F I 4

Figure 4.10. Synthetic route for the synthesis of bis(phenanthroline) acyclic diaminocarbene,
[Fe(phen)2(C4H10N4)](BF4): starting from [Fe(phen)s;[(BF4)s.

To that end, a new family of complexes were envisioned with simplicity in their synthesis while
maintaining a similar motif. Looking at the relative donor strength of carbene-based ligands, there
is a correlation between the number of heteroatoms in the coordinating ring and the donor ability.
As more heteroatoms are incorporated, the relative donor strength is decreased due to stabilization
of the carbene electronic structure via resonance forms (Figure 4.11a). An alternative donor that
has been employed in Ru(II), Ir(I11), and Pt(II) chemistry is the pyridinium.*>>°-66-6° These systems,
unlike the imidazolium-based ligands, lack the stabilization of two heteroatoms in the mesomeric

form leading to an increased donor ability comparatively (Figure 4.11b).”° Two new ligands and
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complexes containing this functionality were then synthesized to begin to investigate any new

photophysical properties that may arise.

Figure 4.11. Ylidene and mesomeric resonance forms contributing to the stability of (a) 2-
imidazolium carbenes and (b) N-pyridinium carbenes.

The ground-state electronic absorption of these new complexes, [Fe(phenNPy)2](PFs). and
[Fe(bpyNPy)2](PFs)., are markedly different from the those observed for the imidazolium-based
carbenes as well as the parent tris complexes (Figure 4.12). For both the phenNPy and bpyNPy
complexes, a bathochromic shift in Amax in the assigned 'MLCT envelope is observed
corresponding to 69 nm and 58 nm, respectively, compared to the tris complexes. For the phenNPy
complex, the structure of the MLCT manifold is for the most part maintained with multiple obvious
transitions contained within as well as a similar molar absorptivity. The bpyNPy complex has a
broader absorption than the corresponding tris(bipyridine) complex as well as an increased molar

absorptivity. These results are summarized in Table 4.3.
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Figure 4.12. Ground-state electronic absorption spectra of [Fe(phen)s;]** (black dashed),
[Fe(phenNPy):]*" (solid black), [Fe(bpy)s;]** (red dashed), and [Fe(bpyNPy),]*>* (solid red)
recorded in CH3CN.

Table 4.3. Spectroscopic data of tris(polypyridyl) and bis(polypyridyl-N-pyridinium) complexes

Amax Molar Absorptivity
Complex
nm M-lem'!
[Fe(bpy)s](PF¢), 520 8770
[Fe(phen);](PF), 510 10450
[Fe(bpyNPy),](PF¢), 578 13370
[Fe(phenNPy),](PF¢), 580 10300

Concluding with the spectroscopic measurements, electrochemical experiments were
performed to begin to understand the shifting of the MLCT manifold in both complexes with
respect to the parent molecules. Cyclic voltammetry and differential pulse voltammetry were
performed to assess the strength of the donation of the two new ligands towards the Fe(II)-center
as well as the ease of reduction of the ligand (Figure 4.13). Both [Fe(phenNPy):]** and
[Fe(bpyNPy)2]*>" have the same oxidation potential, within the uncertainty of the measurement, of

11/111

0.44 V which is assigned as a reversible Fe™""" couple. Unlike in the imidazolium systems which

shows a slightly less positive oxidation for the phen-based complex by 20 mV (Table 4.2) these
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current complexes are markedly the same. The differences in the electrochemistry arise in the
reduction of the ligands. Both present a more positive irreversible reduction compared to the
imidazolium-based ligands with potentials determined by DPV to be -1.44 V ([Fe(bpyNPy):]*")
and -1.34 V ([Fe(phenNPy):]*") (Table 4.4). The electrochemical data is in agreement with the

observed bathochromic shift in MLCT envelope with the ligand reductions being so facile.
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Figure 4.13. Cyclic voltammetry (solid traces) and DPV (dashed traces) of
[Fe(bpyNPy)2](PFs)2 (red) and [Fe(phenNPy),](PF¢)> (black) in CH3CN. Reversible positive
couples are assigned as Fell/IIl couple and the negative irreversible reductions are assigned as -
formation of the bpyNPy" or phenNPy" ions. Arrows indicate scan direction for both CV and DPV.

Table 4.4. Electrochemical data collected for [Fe(bpyNPy)2](PFs). and [Fe(phenNPy),](PFs)2 in
CH3CN. Potentials reported are from DPV and referenced to Fc/Fc*

Complex Exx (V) E;eq (V)
[Fe(bpyNPy),](PFs), 0.44 -1.44
[Fe(phenNPy),](PFs), 0.44 -1.34
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With the electrochemical data in hand, spectroelectrochemistry was performed on
[Fe(bpyNPy)]*>" in CH3CN (Figure 4.14). The oxidative spectrum shows an increase in absorbance
near 430 nm (Figure 4.14a) as well as multiple clean isosbestic points pointing to the reversibility
of the oxidation. This increase is also observed in the reductive spectrum in addition to a weak,
broad feature beginning around 690 nm and continuing well into the near-IR. This spectrum also
exhibits isosbestic points, but due to the irreversibility of the reduction they shift over time. The
weak and broad feature is attributed to the bpyNPy™ absorbance and will be diagnostic in ultrafast
transient absorption measurements for the presence of charge transfer state. The simulated MLCT
transient absorption full spectrum is shown in Figure 4.14c¢. Using the simulated spectrum we can
tailor the pump-probe combinations to begin to dissect the excited-state dynamics of this complex,

probing the two cumulative positive absorbances.

AAbsorbance
AAbsorbance

T T T T T TRt SO . | . | . | . | . I . I .
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

C

1

IAVEE

I T N TR U TOUIT EEUOTTTTOT TN
300 400 500 600 700 800 900
Wavelength (nm)

DAbsorbance

Figure 4.14. Spectroelectrochemical measurements of [Fe(bpyNPy):]** in CH3CN showing the (a)
Oxidative (b) Reductive and (c) Combined simulated full spectrum of the MLCT.
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Preliminary ultrafast transient absorption measurements were performed on
[Fe(bpyNPy),]*>" (Figure 4.15) using a pump wavelength of 555 nm and three different probe
wavelengths encompassing the two positive features in Figure 4.14c¢ as well as the bleach of the
ground-state. The pump-probe combination of 555 nm and 600 nm, respectively, presents a
biexponential decay with two time constants, t1 = 3 ps and 12 = 18 ps. The first time constant is
tentatively assigned as vibrational cooling on the excited-state surface and 12 representing GSR.
To further determine the origin of 12, probe wavelengths of 430 nm and 690 nm were chosen. Both
decays exhibit biphasic kinetics with the shorter time constants again being assigned as vibrational
cooling of the excited-state. The second time constant, specifically using a probe wavelength of
690 nm, presents with the same decay as the ground-state recovery. The concomitant decay of the
excited-state absorption coupled with the recovery of the ground-state gives strong evidence to
indicate that these kinetics are coming from the same state. In addition, the behavior that the traces
using 430 nm and 690 nm do not change sign from positive to negative over the course of the
decay as was observed in the [Fe(phen™Im);]** complex (Figure 4.8) alludes to the state that is
being sampled is the *MLCT and not a >>MC state that is typically observed for Fe(IT) polypyridyl
complexes with only two carbene donors.(carbene references with MC LEES) If the 3MLCT is
now the lowest energy excited state for this complex, then it more closely resembles the motifs
predicted by Dixon et al. whereby cyclometallation with a N4C> coordination environment could

reverse the energetic ordering the ligand-field and MLCT manifolds.”!"2
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Figure 4.15. Single wavelength ultrafast transient absorption measurements in CH3CN and
biexponential fits using a pump wavelength of 555 nm and probe wavelengths of 430 nm (purple),
600 nm (orange), and 690 nm (red) to probe excited-state dynamics.

A beginning step to give strength to this conclusion, we can measure the donor strength of
the imidazolium and pyridinium systems. A typical procedure to ascertain the o-donor strength of
carbene ligands is to use '"H-coupled '*C NMR spectroscopy on a series of carbene ligands on a
metal-center.”>’* The 'Jcu coupling determined from the spectrum can then be correlated to the o-
donor ability of the ligand using an empirical correlation between the coupling constant and the s-
orbital fraction for the hybridization. The lower the 'Jcn coupling constant is the lower the amount
of s-character (where s is the s-character) in the hybrid, the stronger a o-donor the ligand is
(equation 4.2).” The downside to this technique is the large amount of sample required due to the
insensitivity of 1*C NMR as well as the spectrum being coupled. It has been shown that 'H NMR
is able to glean the same information but can rely on the sensitivity of the proton and observe the
3C satellites of the carbenic proton.”” Measuring the distance in Hertz between the satellites and

using the equation below allows for the indirect quantification of the strength of donation.

Yoy =500 %s 4.2)
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From the studies done by Szostak and coworkers, various Arduengo-type carbenes were
investigated including cyclic alkylamino carbenes and their 'Jcx coupling constants reported.” We
then applied this technique to the protonated [bpyNPyH]PF¢ ligand in CH3CN (Figure 4.16). From
the °C satellites of the pyridinium 2- and 6-protons a 'Jcu coupling constant of 194.42 Hz was
found or a percent s-character of 38.9% using equation 4.2. Comparing this value to that of the
constants determined in the previous study (Table 4.5) we can see that the pyridinium-based
systems are closer in donor ability to the extremely strong cyclic alkylamino carbenes than the
imidazolium-based systems. This method only determines the o-donor ability of the ligands and a
more in-depth study beginning to measure the m-accepting/donor nature of the ligand would also
give more insight into its electronic structure as well as the potential interactions with the metal
center utilized. Looking back to the ultrafast TA data collected this would strengthen the argument
that we are seeing kinetic most likely associated with the MLCT manifold as the imidazolium
complex studied in section 4.3.3 is a weaker donor and showed kinetics corresponding to
3SMC—'A; with a time constant of 187 ps, and the excited-state absorption transitioned to another
electronic state by TA by the single-wavelength kinetics switching from a positive to negative
signal. The data presented in this section warrants more in-depth experiments to accurately
understand the photocycle of [Fe(bpyNPy)2]*" but presents as an interesting a new ligand motif for
the electronic state inversion of Fe(Il) polypyridyl complexes. Ultrafast transient absorption
measurements were attempted on the phenNPy analogues complex, but at the moment we believe
it undergoes photo-decomposition as the 5,6-bond of the ligand is extremely susceptible to
breaking. At this time, we have not collected further data on the complex but the use of a flow cell
or modifying the excitation energy could potentially allow us to make comparisons between these

two new complexes. Though ultrafast measurements on [Fe(phenNPy),]*" have been precluded
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due to stability issues, we can still begin to glean more information from the two complexes from

a computational perspective.
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Figure 4.16. Expanded region of the pyridinium 2,6-protons of [bpyNPyH]PFs in CH3CN showing
the 13C satellites and their corresponding chemical shifts in Hz for the determination of the 'Jcn
coupling constant.

Table 4.5. 'Jcu coupling constants from 3C satellites of an imidazolium, a cyclic alkylamino, and
pyridinium-based carbenes with their corresponding s-character and sp-hybridizations

Azolium Salt Jcn (Hz) s-character (%) Hybridization
[N,N’-Bu[m]Br? 219.35 439 spl27
[CAACY]CI2 188.53 37.7 spl-63
[bpyNPy]PF¢ 194.42 38.9 sp!s7

Both complexes were modeled using a modified B3LYP* functional with the Hartree-Fock
exact exchange lowered to 5% so as to create a better energetic match between the experimental
spectra and those simulated by TD-DFT. This in-turn allows for the calculation of an energetic
landscape that will more closely match the synthesized complex. Geometry optimizations were
performed using B3LYP5+D2/SDD/6-311G(d) (SDD on Fe and 6-311G(d) on all other atoms) as

well as single-point energy calculations (B3LYP5+D2/6-311G(d)) were carried out on
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[Fe(bpyNPy),]>" and [Fe(phenNPy):]**. The comparisons of the experimental and simulated

spectra are shown below in Figure 4.17 using the modified B3LYPS5 functional.

a Wavelength (nm) b Wavelength (nm)
500 600 700 800 1 gOO 500 600 700 800
—— R R R NRSRaE — A SRR RAL
[ |— [Fe(phenNPy)I**
_ 121 |---- B3LYP5+D2/6-311G(d)
s 1 Oscillator Strength
K —~ L
S 10k - ° 8L
<X < L
£ \
<2 5 3 5 4
=3 st
20 z0 0.16
= —0.20 = 3
g2 ik Joaz
@ o) o . . o
s 015 8 S5t g 3
Kl @ 5] ; 0.08 £
S 10f Ho10 5 3ol ; 08 @
= 10§ é S 0 SO §
50 -0.05 = 5~ I | | . 004 5
ol P e s SR \l\lh\l\ LT 0.00 0 T e uulhu\“\\\\\\\\\\\J\\\I\\ul\l\un.\.'\'h-,-\.u0.00
24 22 20 18 16 14 24 22 20 18 16 14
Energy (cm'wx 10° ) Energy (cm 'x 10%)

Figure 4.17. Comparison of experimental (solid) and simulated spectra (dashed) of (a)
[Fe(bpyNPy)2]*>" and (b) [Fe(phenNPy):]*". Simulated spectra are modeled with a FWHM of
1200 cm.

Both complexes match satisfactorily with the onset of the MLCT manifold but the phenNPy
complex (Figure 4.17a) lacks the structure that is present in the experimental spectrum, likely due
to the differences in FWHM needed to model each transition within the 'A;—!MLCT manifold.
For each complex there is one transition which accounts for the highest oscillator strength but is
of highly mixed character. To disentangle the transitions natural transition orbital (NTO) theory
was used.’® This procedure, which is part of the Gaussian16 package, allows for the density matrix
of a transition to be decomposed and create a more compact and easily viewed particle-hole pair
to better understand heavily mixed transitions which are listed by percent composition but differ
from the use of the Slater Coefficients. The pairs that comprise the highest oscillator strength
transition for each complex are shown in Figure 4.18. For both complexes the transition is

characterized as MLCT in character. The orbitals from which each transition arises are primarily
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localized on the iron-center as well as the rings closest to the pyridinium and the Fe-C bond. The

final orbitals are symmetrically delocalized across the entire ligand backbone.
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Figure 4.18. NTO decomposition of the highest intensity transition for (a) [Fe(bpyNPy):2]*" and (b)
[Fe(phenNPy):]*". Above each arrow is the percent composition of each transition. Each is
displayed at an isosurface value of 0.02.

In continuing computational studies to better understand the energetic landscape of the
pyridylidene complexes, spin-state energy diagrams as a function of the average Fe-N nuclear
coordinate were calculated at the singlet, triplet, and quintet equilibrium geometries (Figure 4.19).
The Fe-N coordinate was chosen instead of the Fe-C coordinate as the largest changes in geometry
are expected to occur in the expansion of the nitrogen bonds as the carbon bonds will have a higher
force constant and therefore a smaller variation. Analyzing the spin-state energetics of both
complexes shows a reordering of the LF manifold with the MC state now below the SMC state.
The energetics of both complexes are very similar in the LF manifold apart for the average Fe-N

bond lengths at the equilibrium geometries. The 'MLCT vertical transition and the relaxed

equilibrium geometry are close in energy to the MC surface for [Fe(bpyNPy),]** (Figure 4.19a).
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Currently, efforts to determine the potential energy surface for the SMLCT have not been
successful. Though, knowing the proximity of the 'MLCT surface to the triplet surface and
knowing that the SMLCT state will be lower in energy than the 'MLCT, the surface could be nested
within the *MC surface or below, assigning the "MLCT as the lowest energy excited state. The two
states could also be close enough in energy in that an equilibrium between the two could be
established as what was hypothesized in our previous carbene study.’” Regardless, the new
pyridinium motifs have promise in creating a new family of complexes with low energy MLCT
manifolds, ease of modification of the ligand backbone, and picosecond MLCT lifetimes with

simple synthetic methodologies.
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Figure 4.19. Potential energy surface diagrams of the 'A; ground-state (black), *MC state (blue),
SMC state, and 'MLCT vertical transition (purple) of (a) [Fe(bpyNPy).]** and
(b) [Fe(phenNPy),]**. Data points were fit to a 2"-order polynomial to guide the eye (solid line).
4.4 Concluding Remarks

In this study we have continued on the work of the Bauer group as well as our own carbene

systems. The results of the [Fe(phenMelm):]** agree with the analogous bipyridyl complex in

which the lowest energy excited state populated after photoexcitation is a ligand-field state with a
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time constant of 187 ps and a prolonged *MLCT lifetime between 390-600 fs. Building upon the
use of Arduengo-type carbenes we investigated the ground- and excited-state electronic structure
of pyridinium-based polypyridyl complexes, [Fe(bpyNPy):]** and [Fe(phenNPy):]*>". These
complexes exhibit bathochromically shifted ' A;—!MLCT transitions which are driven by the ease
of reduction of the pyridinium ligands. The photophysical measurements of [Fe(bpyNPy),]**
exhibits excited-state lifetimes of 4 ps and 18 ps. The shorter time constant was assigned as
vibrational cooling on the excited-state surface while the longer time constant was determined to
be MLCT in character, *MLCT. This lifetime is on the same magnitude as our previous system
using acyclic diaminocarbenes but presents with a more facile and less hazardous synthesis. Our
computational results suggest we have reached the point of LF inversion where the ordering of the
3T1, states are now below the >T,. Continuing computational work to determine the energetic
ordering of the states more accurately as well as the full 'MLCT and *MLCT surfaces is ongoing.
Further spectroscopic work for this system will be the collection of shorter timescale kinetics as
well as solvent studies and full spectra collection. Changing the dielectric constant of the solvent
will manifest in the kinetics of the MLCT decay where the more polar solvents will be able to
better stabilize the radical anion formed and should allow for a longer persisting signal than with
lower dielectric solvents. Full spectrum collection will allow us to assign the shorter time
component as vibrational cooling with more confidence as the spectral changes can be more clearly
seen. These systems prove promising in their unique photophysics and ground-state properties
towards potential applications in photoinduced electron transfer processes and will be an ongoing

study.
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Figure 4.20. '"H NMR of [phen™*Im]PFs in CD3CN. Inset is an expansion of the aromatic region.
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Figure 4.29. Single crystal X-ray structure of [phenNPy|PFs*HPyPFs. Hydrogens have been
removed for clarity.

Figure 4.30. Single crystal X-ray structure of [PyNPy2]PFs. Hydrogens have been removed for
clarity.
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Figure 4.31. Single crystal X-ray structure of [Fe(phen™Im),](PFs). Solvent and hydrogens have
been removed for clarity.
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Figure 4.32. Single crystal X-ray structure of [Fe(bpyNPy):](PF¢)2. Solvent and hydrogens have
been removed for clarity.

Figure 4.33. Single crystal X-ray structure of [Fe(phenNPy),](PFs)2 (left) ball and stick model and
(right) isotropic. Solvent and hydrogens have been removed for clarity.
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Table 4.6. Crystallographic data and structure refinement
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CHAPTER 5: FUTURE DIRECTIONS
5.1 Introduction

As was discussed in the previous chapters, we are attempting to understand and
controllably modulate the excited-state energetic landscape of low-spin d6 chromophores. In
Chapter 2, Co(Ill) was utilized to understand the ligand-field manifold and the net donor and
acceptor ability of bipyridyl ligands. Chapters 3 and 4 focused on Fe(Il), where we were able to
deconvolve the MLCT spectrum of [Fe(dcpp)2]*>* through aromatic substitutions and synthesize
new pyridylidene-based chromophores for the extension of the MLCT lifetime, respectively. In
this final chapter, I will provide new thrusts based upon the previous findings on which we can
continue to expand our understanding of the photophysical behaviors of these chromophores as
well as push towards their applications.
5.2 Experimental
5.2.1 Synthesis
General. All reaction and spectroscopic solvents were obtained from Sigma Aldrich Chemical Co.
and used without further purification unless otherwise stated. Dry THF and MeCN were obtained
from a Solvtek solvent drying system using neutral alumina. Unless otherwise noted, all reactions
were conducted either using standard Schlenk techniques or in an inert atmosphere glove box
(nitrogen-filled, Vacuum Atmospheres). FeBr, was obtained from Strem Chemicals Inc. 2-
bromopyridine, TMS-acetylene, and 1.6 M n-BuLi were obtained from Sigma Aldrich Chemical
Co. 9-bromoanthracene was obtained from Oakwood Chemicals. NMR spectra were collected in
the Max T. Rogers NMR Facility of Michigan State University on an Agilent 500 MHz
spectrometer; spectra were referenced internally to the residual solvent peak of CDCls;, CD3CN,

or (CD3)2CO which were obtained from Cambridge Isotopes. Diethyl 4-chloro-chelidimate (Cl-
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DEP)!, Diethyl 4-iodo-chelidimate (I-DEP),> 9-(TMSethynyl)anthracene (TMSyneAn),> 9-
ethynylanthracene,* 4'-(4"-pyridyl)-2,2":6',2"-terpyridine (pyterpy),’> and [Fe(terpy)Cl3]® were all
prepared by literature methods.

diethyl 4-(9-anthracenyl)-2,6-pyridine dicarboxylate (An-DEP). To a N> purged round-bottom
flask was added 1.000 g of I-DEP (2.9 mmol, 1.0 eq), 0.119 g of Pd(dppf)Cl.*DCM (5mol%),
3.027 g of Cs2COs (8.6 mmol, 3.0 eq), 0.766 g of 9-anthracene boronic acid (3.5 mmol, 1.2 eq.),
and 10 mL of 1,4-dioxane. The reaction was heated to 80°C for 15 hours and was monitored by
TLC. After completion, the reaction was cooled to room temperature and the dioxane was
evaporated. The crude was taken into 120 mL of EtOAc and was washed with H,O (3 x 50 mL)
and twice with brine. The organic layer was dried over MgSOs, filtered, and evaporated. The crude
can either be column on silica with 30% EtOAc/Hexanes or recrystallized from 9:1 EtOH/DCM
and placed in the freezer to complete purification. Yield: 0.812 g, 71%. 'H NMR (500 MHz,
CDCl) 6 8.60 (s, 1H), 8.38 (s, 2H), 8.09 (dt, /= 8.6, 1.1 Hz, 2H), 7.51 (ddd, J = 8.4, 4.8, 2.8 Hz,
2H), 7.46 — 7.38 (m, 4H), 4.52 (q, J = 7.1 Hz, 4H), 1.46 (t, /= 7.1 Hz, 6H).

Diethyl 4-(9-ethynylanthracene)-2,6-pyridine dicarboxylate (AnYne-DEP). In 10 mL of THF
were added 461 mg of I-DEP (1.3 mmol, 1.0 eq.), 20 mg of Pd(PPh3)>Cl» (2mol%), 10 mg of Cul
(4mol%), and 1.3 mL of TEA (9.5 mmol, 7.2 eq.). The reaction was sparged for 5 minutes after
which 321 mg of 9-ethynylanthracene (1.6 mmol, 1.2 eq.) were added. The reaction thickened
instantly upon addition. The reaction stirred overnight at room temperature and was monitored by
TLC. Upon completion, the solvent was evaporated and the crude was dissolved in DCM and
washed with H>O (2 x 30 mL). The organic layer was dried over MgSQs, filtered, and evaporated
to afford a brown residue. The crude was dissolved in minimal DCM, filtered, and EtOH was

added until cloudy. This was placed in the freezer to complete crystallization. Yield: 260 mg, 46%.

208



'"H NMR (500 MHz, CDCl;3) 8 8.60 (dd, J = 8.7, 1.1 Hz, 2H), 8.55 (s, 3H), 8.07 (dt, J = 8.5, 0.8
Hz, 2H), 7.68 (ddd, J = 8.7, 6.6, 1.2 Hz, 2H), 7.57 (ddd, J = 8.1, 6.6, 1.2 Hz, 2H), 4.56 (q, J = 7.1
Hz, 4H), 1.51 (t, ] = 7.1 Hz, 6H).

2,6-di(2-carboxypyridyl)-4-(9-anthracenyl)pyridine (dcpAnp). To a flame-dried flask was
added 0.16 mL of 2-bromopyridine (1.7 mmol, 2.2 eq.) and 50 mL of THF. The solution was cooled
to -78°C and 1.1 mL of 1.6 M n-BuLi (1.7 mmol. 2.2 eq.) were added dropwise over 30 minutes.
The red-orange solution stirred for an additional 30 minutes. To this was added dropwise a 30 mL
THF solution containing 297 mg of An-DEP (0.8 mmol, 1.0 eq.) over 1 hour. It stirred for an
additional hour at -78°C after addition and was then quenched with 3 mL of MeOH. The red
solution was allowed to warm to room temperature stirred overnight. The reaction concentrated to
by ~80% and was then added to 60 mL of 10% hydrochloric acid. The THF layer was removed the
aqueous layer was washed once with 20 mL of DCM. The acidic layer was basified with 5 M
NaOH and was then extracted with DCM (3 x 50 mL). The combined organics were dried over
MgSOs, filtered, and evaporated to afford a beige powder. Yield: 100 mg, 30 %. 'H NMR (500
MHz, CDCI3) 6 8.58 (dt, ] =4.7, 1.4 Hz, 2H), 8.40 (s, 1H), 8.23 (s, 2H), 8.10 (dt, J = 7.9, 1.1 Hz,
2H), 7.90 (d, J = 8.5 Hz, 2H), 7.65 (td, J = 7.7, 1.7 Hz, 2H), 7.52 (dd, J = 8.8, 1.1 Hz, 2H), 7.36 —
7.23 (m, 6H).

2,6-di(2-carboxypyridl)-4-(9-ethynylanthracenyl)pyridine (dcpAnYnep). To a flame-dried
flask was added 0.1 mL of 2-bromopyridine (1.1 mmol, 2.3 eq.) and 15 mL of THF. This was
cooled to -78°C and 0.7 mL of 1.6 M n-BuLi (1.1 mmol, 2.3 eq.) were added dropwise over 20
min. It stirred for an additional 15 min at -78°C. A 15 mL THF solution containing 200 mg of 9-
AnYne-DEP (0.5 mmol, 1.0 eq.) was added dropwise via 22G cannula over 45 min. The orange

solution turned blue upon addition of the ester. The solution stirred for 1.5 hours at -78°C. 1.5 mL
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of MeOH were added to quench the reaction and it was allowed to warm to room temperature
overnight. The solvent was evaporated, and the residue was sonicated with diethyl ether. The oil
solidified. The orange powder was filtered and washed with additional ether. The solid has limited
solubility in common solvents. Yield: 95 mg, 41% 'H NMR (500 MHz, CDCl3) & 8.80 (dt, J =
4.7,1.5 Hz, 2H), 8.64 (d, ] = 8.7 Hz, 2H), 8.56 (d, J = 10.9 Hz, 3H), 8.25 (dd, J = 7.8, 1.1 Hz, 2H),
8.07 (d, J=8.5Hz, 3H), 7.83 (td, J = 7.8, 1.7 Hz, 2H), 7.69 (ddd, J = 8.8, 6.4, 1.3 Hz, 2H), 7.60 —
7.54 (m, 2H), 7.50 (ddd, J = 7.7, 4.7, 1.2 Hz, 2H).
Bis(2,6-di(2-carboxypyridyl)-4-(9-anthracenyl)pyridine)iron(II) hexafluorophosphate
([Fe(dcpAnp):](PFs)2). To a N> purged flask was added 15 mL of THF and 22 mg of dcpAnp
(0.05 mmol, 2.2 eq.). To this solution was added 7 mg of Fe(BF4)2¢6H,0 (0.02 mmol, 1.0 eq.). The
solution turned green instantly. The reaction stirred for 24 hours. To the resulting green solution
was added saturated KPF6(aq) to precipitate a green solid. The solid was filtered and washed with
H>O and diethyl ether. Due to the green color the complexation did not proceed. Single crystals of
the target were able to be grown from the crude reaction mixture by slow diffusion of diethyl ether
into a saturated acetonitrile solution. No yield or NMR are reported.

X-ray crystal structure determination. A crystal of [Fe(dcpAnp)2](PFs)2 of appropriate size was
selected and mounted on a nylon loop with paratone oil on a XtaLAB Synergy, Dualflex, HyPix
diffractometer. The crystal was kept at a steady 7= 100.0(2) K during data collection. The structure
was solved with the ShelXT’ solution program using intrinsic phasing and by using Olex2 1.38% as
the graphical interface. The model was refined with ShelXL 2018/3” using full matrix least squares

minimization on F2.
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5.3 Results and Discussion
5.3.1 m-Extension of dcpp and the Potential for Triplet-Triplet Annihilation

From the results of Chapter 3, it was shown that aromatic substitutions on the ligand back
bone of dcpp can modulate the absorption spectrum of [Fe(depp)2]*", increasing the low-energy or
higher-energy transitions. The increased size of the n-system showed small contributions of the
phenyl rings in the excited-states. We looked towards further increasing the delocalization of the
excited state so as to decouple the Fe(Il)-center from the ligand during excitation. Phenyl
substituents with cyano or electron withdrawing groups computationally showed increased
delocalization, but increasing the size of the aromatic system from phenyl to anthracene or pyrene
could better facilitate the goal. It has been shown for pyrene decorated Cr(0) isocyanide
complexes!? and Fe(IT) pyrene and anthracene chromophores!! there was an observable extension
of MLCT lifetimes as well as emission from the linked organic chromophores.

Using anthracene as the beginning aromatic moiety, the complex [Fe(dcpAnp)2](PFs)2 was
synthesized (Figure 5.1a). The complexation of the ligand was attempted in THF instead of
acetonitrile as had been used for previous complexations as the decreased solubility of the complex
was thought to push the equilibrium towards product. The resulting solution was green which is
hypothesized to be the monoligated complex. Though the reaction was not complete a single
crystal X-ray structure was able to be collected (Figure 5.1b). The structure shows that the
anthracene dihedral angle is canted to 89.4°. The orthogonality effectively shuts down all
communication of the ligand n-system with that of the anthracene’s, precluding the delocalization

of the excited state.
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a PR

|-DEP 1. n-Bui
Cs,C03 2. An-DEP
Pd(dppf}Clz DCM 3 MeOH
B(OH), Dloxanc 4, 16h “/ Br 'IHF -78°C—t, 24h
EtO,C’ O.Et

An-DEP

1. Fe(BF 4)2*6H20
2. KPFg

THF, it, 24h

[Fe(depAnp)2)(PFs)2

Figure 5.1. (a) Synthetic procedure for the synthesis of An-DEP and [Fe(dcpAnp)2](PFs)2 (b)
Single crystal X-ray structure of [Fe(dcpAnp)2](PFs)> showing the orthogonality of the anthracene
and the dcpp backbone. Solvent, hydrogens, and counter ions have been removed for clarity.

In hopes of alleviating the steric interactions of the 1 and 8 hydrogens of the anthracene
with the pyridine extending the distance of the anthracene from the ligand was envisioned. To
maintain the electronic communication of the anthracene with MLCT of the complex we chose to
use an alkyne spacer. Using successive Sonogashira couplings starting from 9-bromoanthracene,
the potential ligand was synthesized (Figure 5.2a). The coupling of 9-ethynylanthracene with I-
DEP proceeded in low yield. This is attributed to the instability of 9-ethynylanthracene. After
isolation, a red insoluble material slowly begins to appear which is hypothesized to be a Diels-
Alder type reaction between the alkyne of one anthracene and the 9- and 10-position of another.
To remedy this, a one-pot reaction is proposed whereby 9-(TMSethynyl)anthracene is deprotected

in-situ and then undergoes the requisite coupling with I-DEP (Figure 5.2b).!?
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I-DEP OOO

Pd(PPh3)QCI2

TEA
THF rt, 24h
EtO,C Sn CO,Et

TMSAcetylene I-DEP OOO
Pd(PPhs),Cly, 10mol% d(PPh3),Cl,
Cul 4mol% Cul
Piperdine TBAF- XHZO _ TEA | |
Br TEA, 110°C, 24h THF, 1, 3omin T THR.AON. y
|

Figure 5.2. (a) Current synthetic route towards AnYne-DEP deprotecting the O-
(TMSethynyl)anthracene followed by a Sonogashira coupling (b) Proposed one-pot deprotection
and Sonogashira coupling for the simplified and cleaner synthesis of AnYne-DEP.

Though the main goal of the synthesis of dcpAnYnep complex was initially proposed as
further delocalization of the MLCT excited-state, if successful, this could also lead toward
applications in triplet-triplet annihilation (TTA).!*!* Anthracene is a well-known energy transfer
acceptor from a photoexcited photosensitizer donor.!>~!” The utility of this is in that low-energy
photons can separately excite a chromophore which can transfer its excited-state energy to the
anthracene. Once two anthracenes diffuse to each other in solution they then undergo TTA and the
original low-energy photon has been converted to a higher-energy photon. This process finds high
utility in the realm of solar energy conversion due to a majority of solar cells inefficiently
absorbing low-energy light to convert into current.'® Sensitizing the solar cell with a triplet-triplet
annihilators can improve efficiency by converting the red solar irradiance to higher energy photons
the solar cell can utilize. With the low-energy 'A; — 'MLCT transition in [Fe(dcpp)2]*" and its
derivatives the potential of converting ~600 nm red light into blue light with judicious synthesis

of an anthracene or pyrene derivative is extremely promising.
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5.3.2 Sensitization of Catalytically Relevant Bimetallic Systems

Sensitization is an important aspect in many catalytically relevant molecular systems. For
many of these applications, the 2"- and 3™-row transition metals have garnered much attention
due to their diffusionally long lifetimes and ease of tailoring their absorptive features.!” As this
dissertation has focused on the implementation of 1%-row metals to supplement or supplant the
heavier metals in these applications, focusing on systems that could be realized for this have been
envisioned. A widely studied molecular system for catalytic reduction of CO> includes Re(I). A
typical complex of [Re(bpy)(CO):X] (where bpy is 2,2'-bipyridine and X is either a halogen or
other ligator) is used.?*?! An endemic problem with Re(I) complexes is the high MLCT energy,
typically absorbing well into the blue region of the spectrum. To remedy this, photosensitization
has been used to undergo visible-light photoinduced electron transfer between the sensitizer and
the Re(T) complex so that it may then enter the catalytic cycle.?!?? To increase the efficiency of the
catalysis, covalently linked photosensitizer-Re(I) dyads have been synthesized so at to not have
the kinetics dependent on the diffusion of the two together in solution.

Synthesizing a prototype system, we aim to use 4”-pyridyl-terpyridine coupled with the
well-known [Re(bpy)(CO);OTf] and [Fe(terpy)Cls] starting materials (Figure 5.3a). After
displacement of the triflate by 4”-pyridyl-terpyridine the resulting complex can be combined with
the Fe(Ill) starting material. Upon bis-complexation, the Fe(IIl)-center is reduced by one of the
terpyridines to Fe(Il), affording the target complex.® Using this reaction as at test-case and proof-
of-concept, we will move to using the pyper ligand system developed in Chapter 3. Unlike, in the
pyterpy system, a mono ligated Fe(Il) or Fe(Ill) system will be difficult to isolate due to the poor
coordination behavior of dcpp and its pyper derivative. A potential method will be mixing 1

equivalent of pyper and 1 equivalent of dcpp with the Fe(II) starting material. This will result in a
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statistical mixture but should be easily isolable from the crude using column chromatography.
Isolating the target [Fe(dcpp)(pyper)](PFs)2 complex, coordination to the Re(I) center using gentle
reaction conditions should then afford the target [Re(bpy)(CO)s(pyterpy)Fe(dcpp)](PFs)s (Figure
5.3b). The question may now be, if the initial Re-pyterpyFe complex can be formed why put in the
extra effort for the pyper analogue? [Fe(dcpp)2]** and its derivatives all possess an extremely
positive oxidation potential, ~1.29 V vs Fc/Fc*. This potential coupled with the low energy MLCT

transition, there is potentially a large driving force in the excited state to push the catalysis from

the Re(I)-center.
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Figure 5.3. (a) Proposed synthetic scheme for prototype system
[Re(bpy)(CO)s(pyterpy)Fe(terpy)](PFs); (b) Proposed synthetic scheme for the heteroleptic
synthesis of [Fe(dcpp)(pyper)](PFs)2 and complexation to [Re(bpy)(CO)s;OTH].
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5.3.3 Continuing Exploration of Modular Carbene Systems: Pyridylidenes and Alkylamino
Carbenes

In Chapter 4 we explored a new class of Fe(II) chromophores using pyridylidene donors in
place of the widely used imidazolium-based systems. The simple substitution of the pyridine
afforded an observed inversion of the SMLCT and LF energetics placing the charge transfer as the
lowest energy excited state with a lifetime of 18 ps. This simple yet effective substitution opens
the doorway for a multitude of new Fe(Il) chromophores with low-energy MLCT transitions but
strong donation, ideal if Fe(Il) complexes are to be more effectively utilized in the field of photo-
redox catalysis.

What can be envisioned for the complexes from Chapter 4, specifically
[Fe(bpyNPy)2](PFs)2, is a study of the effect of the Fe-C bonding position on the pyridinium on
the photophysics of the complex (Figure 5.4). It is known that the position the metal occupies on
the pyridinium ring manifests in dramatically different o-donation from the ring as observed by
13C NMR.?-2¢ If binding occurs in the 2- or 4-position of the pyridinium a pyridylidene-type
bonding occurs with 1*C chemical shifts past 220 ppm, whereas if bonded in the 3-position a shift
more in line with cyclometallation is observed, less than 200 ppm.?’ By bonding in the 4-position
the complex should find marked increased stability as opposed to the 2-position, which the
previous study had been conducted, and higher yields during complexation. The pro-ligands are
not as synthetically facile to synthesize as [bpyNPyH]PF¢, but none-the-less, completely feasible

from literature preparations (Figure 5.4).28-30
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Figure 5.4. Proposed synthetic procedure for the synthesis of 2,2":6',3"- and 2,2":6',4"-terpyridine
and the corresponding alkylation.

In addition to the study of the photophysics as a function of the ligating carbon atom, we
can then begin to delve further into this family of complexes and hopefully begin to leverage the
longer SMLCT lifetimes. Using the approach from Chapter 3, phenyl substituents could be installed
in the 4- and 4'-positon of the 2,2'-bipyridine core thereby further increasing the absorptive
properties as well as allowing for further delocalization of the excited state. It would be of interest
to also install anchoring groups on the backbone of the ligand for binding to TiO> or another semi-
conductor for DSSCs. As the observed lifetime of [Fe(bpyNPy):](PF¢)2 is 18 ps, this is on the
timescale for interfacial electron transfer in dye-sensitized solar cells.?!'=** Coupling this lifetime
with low energy MLCT manifold could be beneficial in capturing the often-missed red-light
irradiance from the solar spectrum to increase the efficiency of the cell. A retrosynthetic scheme

for the synthesis of the n-extended systems (Figure 5.5a) as well as the anchored ligands are shown

below (Figure 5.5b).3
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Figure 5.5. Retrosynthetic pathway for the synthesis of (a) n-extended pyridinium ligand and (b)
protected carboxylic acid pyridinium pro-ligand for use in DSSCs.

Seeing as the pyridinium systems imposed a strong ligand-field strength than the widely
used imidazolium carbenes, we propose further increasing the strength of the o-donation by
implementing one of the strongest carbene donors in the literature, cyclic alkylamino carbenes
(CAAC:). This class of carbenes was first synthesized by Bertrand et al. and their monodentate
derivatives were complexed to noble metals for catalysis.*>=” We can extend the monodenticity of
these ligands into polydentate by judicious choice of starting material. CAACs begin from a
typically sterically demanding amine functionality and then through a multistep process led to the
cyclic iminium form for carbene generation. I propose that by starting from 2,2'-bipyridine mono
N-oxide a similar reaction pathway can be created thereby creating a new tridentate system with

the chromophoric properties of the bipyridine and donor strength of the CAACs (Figure 5.6).37-3
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Figure 5.6. Proposed synthetic scheme for the synthesis of 2,2'-bipyridyl cyclic alkylamino
carbene starting from 2,2'-bipyridine mono N-oxide.
If this chromophore exhibits the longer excited-state lifetime as imagined, we can then begin to
look at the effect of the peripheral steric interactions of the CAAC. All CAACs must have at least
two non-hydrogen atoms in the 4-position of the ring to preclude deprotonation and reactivity at
that carbon. What Bertrand and others have shown is that chirality can be introduced at that carbon
through cyclohexyl groups, thereby creating a chiral-at-ligand complex allowing for participation
in stereochemical reactions.
5.4 Concluding Remarks

Since 2013, Fe(Il) chromophores have found a new life with the implementation of
polypyridyl-carbenes and cyclometallation. The energetic landscape of these complexes is
drastically different than those that came before. With the ability to now synthesize Fe(II)
chromophores with the MLCT as the lowest energy excited state, new avenues in photoinduced
electron transfer applications, be it photocatalysis or DSSCs, are now closer than ever. Through
this dissertation, the ligand-field energetics of Co(IIl) were explored to ascertain a more in-depth
understanding of low-spin d® chromophores as well as the synthesis of new pyridylidene Fe(1II)
complexes that have inverted the ligand field and MLCT manifolds while maintaining low energy

excitation. In addition, a deeper understanding of the MLCT transitions of [Fe(dcpp)2]* was found
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by using aromatic substitutions, allowing for the selective enhancement of separate regions of the
'MLCT manifold. T hope that the work presented here shows the various methods by which the
excited-state manifold, be it ligand field or charge transfer in nature, can be modulated and

understood.
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Figure 5.7. '"H NMR of diethyl 4-(9-anthracenyl)-2,6-pyridine dicarboxylate in CDCl;. Inset is an

expansion of the aromatic region.
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Figure 5.9. 'TH NMR of 9-ethynylanthracene in CDCls. Inset is an expansion of the aromatic region.
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Figure 5.10. 'H NMR of diethyl 4-(9-ethynylanthracenyl)-2,6-pyridine dicarboxylate in CDCls.
Inset Left is an expansion of the aromatic region. Inset Right is an expansion of the aliphatic region.
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Table 5.1. Crystallographic data and structure refinement

Identification code [Fe(depAnp),](PFy),
Empirical formula Cs,H33FeNO,P,F,°2CH;CN
Formula weight 1358.88
Temperature/K 100.0(3)
Crystal system monoclinic
Space group P2,/c
alA 10.00041(9)
b/A 32.2386(3)
/A 20.12551(17)
a/° 90
Bl 97.8225(8)
v 90
Volume/A3 6428.07(10)
Z 4
Pearcl/cm? 1.404
wmm! 3.130
F(000) 2768.0
Crystal size/mm3 0.318 x0.191 x 0.08
Radiation Cu Ko (A =1.54184)
20 range for data collection/° 5.212t0 161.216
Index ranges -12<h<11,-40<k<40,-21 <1<25
Reflections collected 69418
Independent reflections 13759 [Ry, = 0.0402, R, = 0.0288]
Data/restraints/parameters 13759/0/837
Goodness-of-fit on F2 1.045
Final R indexes [I>=2¢ (I)] R; =0.0507, wR, = 0.1211
Final R indexes [all data] R; =0.0569, wR, = 0.1246
Largest diff. peak/hole / e A-3 0.60/-0.62
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